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Abstract

The Vertically Ejected, Controlled Tip-Off Release (VECTOR) system, developed at the Jet Propulsion
Laboratory, is a separation system for the Sample Retrieval Lander and Mars Ascent Vehicle (MAV) that
throws the MAYV into the air with a positive pitch rate prior to its ignition. This paper explores the selection
of the VECTOR architecture, the design of the system, and lessons learned during simulation and test.
The primary lessons discussed are interactions between the lander platform and the simulated Martian
surface, and a “set-forward” dynamic excitation of MAV vibration modes at the moment of separation.

Introduction

The Mars Sample Return program would bring back the Martian samples that have been collected and
sealed into sample tubes by the Mars 2020 Perseverance rover. This program consists of the Sample
Retrieval Lander (SRL), Mars Ascent Vehicle (MAV), and the Earth Return Orbiter (ERO). The Vertically
Ejected, Controlled Tip-Off Release (VECTOR) system is a pre-launch separation mechanism that would
throw the MAV up into the Martian air before its first stage motor is ignited. VECTOR is an element of the
Sample Retrieval Lander (SRL), which would carry the MAV as a payload to Mars¥.

The VECTOR system delivers the MAV to a separation state that gives the MAV a prescribed vertical
velocity and pitch-up rate while limiting the off-axis velocities and rotations. After the VECTOR “throw,”
(Figure 1) the MAV waits for a specified delay time for the clearance to the lander to grow, then ignites its
solid rocket motor to begin its flight to deliver the Martian samples to orbit.

P

Figure 1. VECTOR throw: MAV Stowed, VECTOR end of stroke, MAV pre-ignition inertial flight

The VECTOR system is divided into two primary functional components, the constraint mechanism, which
enforces the pitch-up rotation of the MAV during the throw, and the actuation system, which applies the
motive force over the stroke and duration of the throw.
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 The decision to implement the SRL mission will not be finalized until NASA’s completion of the National
Environmental Policy Act (NEPA) process.
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VECTOR Architecture Selection

Architecting a launch system for the MAV required an understanding of the physical environment at Mars
during launch. On Mars a reduced gravitational field and a thin atmosphere are present. The MAV and
lander are also of relatively similar mass, around a 3:1 ratio. Because of the available lander volume and
balancing requirements within the Entry Vehicle, the MAV must be horizontally mounted in the center of
the Lander. This configuration, while ideal for Earth launch and Mars landing, was a constraint that had to
be overcome when designing the Mars launch architecture. To achieve an optimal orbital trajectory, the
MAV’s ascent is approximately +45 degrees with respect to horizontal. A traditional near-vertical launch
would also be acceptable as the MAV could pitch down to the desired attitude. The lander can control its
yaw during descent which allows the MAV to be pointed in the desired launch direction. This
characteristic allowed the trade space to investigate non-vertical launch angles.
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Figure 2. Early Concepts of MAV Launch

Early concepts explored traditional "ignition while coupled" architectures, where the MAV engine would
ignite while still coupled to the Lander. This introduced technical risks, including plume pressure and
heating on the Lander structure if the plume was not properly diverted. Plume-surface interactions could
also eject debris that could be harmful while the MAV was still in proximity to the surface. Furthermore, a
mechanically guided launch creates potential for friction and binding between guide rails and the vehicle
due to rail carriage drag. Slipping or other unintended motion of the lander was a perceived risk due to
the high thrust-to-weight ratio and low mass ratios of the Lander and MAV. In addition, the thrust of the
MAV was high enough that if enough friction was seen on the rails, the Lander could go up with the MAV,
resulting in a mission failure.

Due to the relative mass ratio of the MAV and Lander, reduced gravitational field, and a soft connection to
the Martian surface, launch architects started to view this event to be more similar to an in-orbit stage
separation and ignition than a ground-based guided launch. This was when the many advantages of
decoupling the MAV from the Lander at thruster ignition were realized. This architecture would wait until
the bodies are separated before igniting the thruster. This ensures that the plume does not exist until both
systems are physically separated, thereby protecting the Lander from coupled dynamic events. This
approach also allows independent V&V (Verification and Validation) of the launch systems. The
separation system was not coupled with the MAV thruster and initial launch dynamics and vice versa for
the MAV to have independent V&V from the Lander’s separation system. This also had programmatic
advantages as the Lander and separation system would be developed by JPL and the MAV was
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managed by MSFC. This allowed organizations to work more independently as the systems were mostly
decoupled.

A few implementations of separation systems were considered. First was using a relatively small auxiliary
booster attached to the MAV perpendicular to its main motor to thrust it up out of the lander. This concept
was rejected as it did not solve many of the potential interactions (stiction, plume interaction) that existed
with the rail launch concepts but simply shifted them from the main motor firing to the auxiliary motor
firings. Another concept was a launch tube that would raise the MAYV to its intended 45 degree trajectory
and then push the MAV out of the tube pneumatically. This was rejected for a couple of reasons. The first
is that this would expose the MAV to the Martian thermal environment for a nontrivial amount of time
before launch (or require a heavier insulated launch tube). The second is that the reaction force vector of
this event was not vertical and could cause the lander platform to become unstable during the tube
launch.

The architecture chosen was inspired by military systems, in particular the Launch Assembly Units (LAU)
found on fifth-generation fighter aircraft. The F-22’s LAU-142/A and the F-35's LAU-147/A utilize an
ejection architecture to safely clear missiles from the airframe before motor ignition. The ejection also
applies a pitch down as the missile is pushed out of the airframe in order to align the velocity vector with
the centerline of the missile [1]. If one were to land this fighter jet on the surface of Mars, upside-down,
pointed in the direction of desired orbit insertion, then use the LAU to launch the MAYV, it would clear the
fighter by being pushed upward. The MAV would continue to pitch upward. If ignition timing was done
correctly, then the MAV would pitch into the desired ~45° upward pitch vector as the motor ignited. Nulling
out pitch velocity via thrust vectoring control would place the MAV in the desired ascent attitude. In
addition, the motor plume would not be pointed at the Lander, but behind it due to the orientation of the
MAV. This architecture not only decoupled mechanical Lander-MAV launch dynamics but also mitigated
MAYV plume interaction with the Lander and Martian surface.

Constraint Mechanism Design

The VECTOR constraint mechanism achieves its primary purpose of imparting a designated pitch-up rate
to the MAV by constraining the angular (pitch) displacement of the MAV to be proportional to the vertical
translational displacement. Under constant acceleration, this gives the separation condition wy = PRR*Vz,
where PRR is the pitch rate ratio, a parameter chosen to optimize the flyout conditions for the MAV. A
Monte Carlo simulation by the MAV team showed that a pitch rate ratio of 4 (with Vz in m/s and wy in
deg/s) had the most successful flyouts with the largest variance in input rates. This simulation led to the
performance requirements for VECTOR, which were specified as an allowable distribution of rates for
each of the six degrees of freedom.

The first iteration of the VECTOR mechanism was an eight-bar linkage inspired by the LAU-142/A
AMRAAM vertical eject launcher used on the F-22. An initial dynamic simulation using flexible bodies
showed a high sensitivity of the pitch rate error to the center-of-mass location of the MAV. It was
determined that this design would not fit within the allocated mass budget if made stiff enough to meet
performance requirements when scaled up to the size of the MAV.

The next and final architecture of the VECTOR constraint mechanism used a cam follower design. This
consists of a “Strongback” which travels with the MAV until the end of the VECTOR stroke, and a pair of
rails that are attached to the lander which provide the cam surfaces that constrain the motion of the MAV
and strongback (Figure 3). The strongback contains pairs of rollers that form force couples in both the
planar (pitch-inducing) and lateral directions. The rails in the planar direction force the upper rollers and
lower rollers to follow different trajectories as the strongback moves upward during the throw. The upper
part of each rail, which interfaces to a roller on the strongback placed near the CG (Center of Gravity) of
the MAV, is vertical. This puts the pivot point for the pitch motion at the CG of the MAV. The lower part of
each rail has a forward tilt. This forces the lower rollers on the strongback to move forward over the stroke
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of the throw, which pitches up the MAV and strongback. This design uses the existing structure of the
spacecraft as a major structural element, which saves a lot of mass in the VECTOR hardware, but makes
the structure a critical element in the performance of the mechanism. This means that the vehicles
structure needs to be included in performance modeling as well as considered during Verification &
Validation of the mechanism.

Figure 3. VECTOR Constraint Mechanism, Outboard Rail Surface Hidden.

The geometry of the rails was synthesized using coupler curves. The desired motion path was plotted at
various points sampled in the area below the MAV where volume was available for the mechanism. It was
observed that the points directly below the rotation point (at the CG of the MAV) moved in a quasi-linear
trajectory. This simple linear trajectory is due to the small angle approximation, where the offset from
vertical needs to increase over the stroke proportionally to sin(8)=6. This linear path allowed for simpler
model implementation, as well as easier drawings and manufacturing.

The term “rail” is a bit of a misnomer, as the actual implementation is a channel that a stud-mounted cam
follower roller sits in. This allows the roller to interface with either side of the channel, allowing a torque to
be exerted in either the pitch-up or pitch-down direction as needed. It also provides a surface at the
“bottom” of the channel for the outboard-facing rollers to interface with. These rollers prevent lateral
translational and roll rotational velocities. These rollers are mounted at angles to minimize the amount of
skew they experience through the throw. The rails themselves are 7075-T7351 aluminum, with 440C
stainless steel rollers. This is an unconventional material combination, but testing showed for the low
cycle life (only 10 cycles for qualification, only 1 cycle for flight), and for the expected roller loads, no
detrimental yielding or pitting would occur in the aluminum rails. This was a significant mass saving
opportunity over harder, more traditional roller track materials.

The piston interface location was selected to minimize the amount of torque that the rollers and rails need
to provide to impart the desired pitch rate. Its forward-of-MAV-CG interface provides the pitch-up torque
required for the case in which the MAV and lander have perfectly “nominal” mass properties, and the
lander is perfectly rigidly supported. The rollers and rails then function to provide a correcting torque to fix
rate errors due to any of those quantities varying within their requirement ranges.
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Actuation System Design

Karman Space & Defense (“Karman”) designed, tested, and produced the Actuation System for the
VECTOR program within their Mukilteo, Washington facility. The actuation system is a force device made
up of two pistons manifolded to a single Orificed Gas Generator (GG). The pistons have a nominal stroke
of 330mm and generate a peak force of approximately 40kN. The pistons also contain crushable
aluminum honeycomb energy absorbers that attenuate the motion of the VECTOR components at end of
stroke while allowing the MAV to continue its upward trajectory. The actuation system accelerates the 350
kg MAV to a nominal separation velocity of 7m/s in under 100ms.

Karman Space & Defense utilized its in-house proprietary analytical performance model to optimize the
Actuation System’s propellant loading, internal geometry, and volume using MATLAB. The performance
model breaks the system into two parts — one upstream of the orifice that is internal to the GG and one
that is downstream of the orifice. The upstream portion captures the combustion of the propellant and the
gas generation that powers the system. The downstream portion calculates the pressure blowdown and
kinematics occurring as the pistons stroke. The model relies on a wide range of design parameters as
variables. Internal volumes, propellant grain geometry, orifice sizes, manifold geometry, piston cylinder
sizes, surface area and a variety of other parameters were systematically varied to establish the initial
system configuration and sizing. It relied on MAV mass, stroke limits, resistive loads, and target velocities
as driving requirements. Furthermore, the model was also used to analytically trade multiple propellants
before down-selecting to the final, chosen propellant for the system.

Given the number of unknowns associated with the ground state and other possible Martian
environments, the actuation system was required to provide a consistent performance output over a
variety of environmental scenarios. These constraints drove design decisions which enabled the system
to have consistent performance across all scenarios. In particular, the grain, orifice and piston geometry
were analytically optimized to have consistent gas generation all the way through until the end of stroke.
The piston geometry was designed such that the system has a large starting ullage volume compared to
its final, stroked volume. The combination of the consistent gas generation and the high initial to final
volume ratio means that the system can maintain velocities in worst case scenarios while not throwing the
MAV too fast in best case environmental scenarios.

Once an initial system configuration was identified analytically, performance was fine-tuned via initial
sizing tests in a representative sled test fixture (Figure 4). This test fixture enabled simple, isolated study
of the actuation system performance via a variety of sensors and high-speed cameras. Final propellant
sizing was determined via a series of bracketing tests that simulated driving requirement scenarios. MAV
mass, resistive loads, and thermal environments can all be simulated in the test fixture.

Figure 4. Actuation System Sled Test Fixture
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Simulation of thermal environments was vital to demonstrating the function of the actuation system.
Extreme thermal environments on Mars change the energy state of the actuation system. A cold GG will
ignite slower and produce lower pressure outputs than one at higher temperatures. Cold metal tubes
draw more thermal energy out of the system than at higher temperatures. These effects create a strong
performance dependency on temperature. In order to mitigate some of the effects of the Martian cold, the
GG (but not the rest of the system) would be heated to keep it at or above -35°C during function. The
thermal conditioning setup for testing the actuation system replicated independent GG heating while in a
surrounding environment that was much colder. Functional tests were conducted at temperatures ranging
from -80°C up to 30°C. These tests were used to validate system performance and inform the
performance model.

Initial testing across a range of thermal environments and performance scenarios was used to anchor the
analytical performance model and improve its accuracy. A plot of the model outputs overlaid with test
data from an ambient (20°C) sled test can be found in Figure 5. Apart from the initial pressure rise
transient seen in the GG, the model aligns very closely with actual performance. The anchored model can
now be used to quickly and efficiently study different performance scenarios at a higher degree of
accuracy than previously possible.
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Figure 5. Actuation System Performance Model Correlation to Test
System Test

VECTOR was tested in two full-scale test campaigns (Figure 6), an early protype test that used a cold gas
blowdown system for actuation, and an engineering development unit test that used a flight-like hot gas
actuation system. Both campaigns threw a MAV mass model that was designed to allow for adjustment of
critical mass properties including mass, axial center of gravity position, and moment of inertia around the
pitch axis. This was achieved using a series of mounting locations that allowed for arbitrary amounts of
ballast mass to be installed in the fore and aft sections of the mass model. The mass model also
accommodated an Inertial Measurement Unit (IMU) that used a similar sensor block to the IMU baselined
for the MAV. This allowed for reconstruction of the throw event in a way that would parallel the knowledge
the MAV would have on Mars, and comparison of this data to ground-based photogrammetry and other
testbed sensor data.
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Figure 6. VECTOR Testbed, MAV Mass Model “caught” at Top of Throw

The VECTOR test campaigns were conducted in JPL’s static test tower, which provides convenient high-
capacity mounting points and an approximately 12 m hook height overhead crane. The tower and crane
were used for the testbed’s catch and gravity offload systems (Figure 7). The catch system was designed
to arrest the MAV Mass Model at the apex of its throw, allowing for the full inertial portion of the MAV flight
to be observed. The catch system was comprised of redundant pairs of ropes connected to the MAV
mass model that extend up to pulleys mounted at the top of the static test tower, then back down through
pulleys mounted to the ground, through a redundant set of cam cleats, then connecting to a latex tube
that is stretched by the crane to be used as a tension device. During the throw and free-flight of the MAV
mass model, the latex tubes pull the rope through their labyrinth path. The tension of the tubing and
inertia of the ropes were intentionally balanced such that the ropes went slack during the acceleration
stroke of VECTOR but were pulled taut well before the MAV reached the apex of its throw. This
prevented the catch lines from applying any significant force that would affect the dynamics of the throw.
The actual catch is performed by the cam cleats, which act like a check valve for rope. These devices
allow the rope to pass through freely while the MAV mass model is moving upwards but grab and hold the
ropes when the MAV changes direction and attempts to fall back down. The MAV is then lowered back to
the ground after the test is completed using standard crane operations upon manual disengagement of

the cam cleats.
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Figure 7. VECTOR Testbed Catch and Gravity Offload System Diagram
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The VECTOR system was seen as one of the higher-risk architecture decisions for the SRL mission, so
the prototype test campaign was completed as a pre-PDR risk reduction activity. The primary test factors
during this campaign were the mass properties of the MAV; these were still largely unknown at the time.
This campaign leaned heavily into COTS hardware to accelerate schedule and minimize cost. This is
most apparent in the prototype actuation system, which consisted of four hydraulic pistons (which were
used in a pneumatic system), a fast-acting solenoid valve, some plumbing, and a SCUBA tank. The
SCUBA tank was pressurized by a commercially available K-bottle of helium through a pressure regulator
to reach the appropriate pressure prior to firing the system. Helium was used as it has more similar flow
properties to hot gas than cheaper compressed gases such as nitrogen. The Strongback and rails were
significantly more massive than the flight iteration to save schedule on their analysis and manufacture.
The rollers used in this version of the VECTOR constraint mechanism were PBC Linear Hevi-Rail®
Rollers, which have two perpendicular rollers in one unit, which further simplified the design of the
strongback. The results of this campaign inspired confidence in the VECTOR architecture. The cam
follower design was shown to be robust to a wide range of MAV mass properties and lander platform
stiffnesses.

MAV Separation from VECTOR, begin free-flight ___~

: Angular acceleration
during guided throw

Pitch Rate (deg/s)

Pistons start to apply force at t=0

Time (s)

Figure 8. Pitch Rate Time Histories of Prototype Test Campaign Throws Using Various MAV Mass
Properties

The Engineering Development test campaign used a much more flight-like unit under test, with a
lightweight mechanism, flight-like materials for all elements, and a hot gas, pyrotechnic actuation system.
During the early design and analysis of the flight VECTOR hardware, it was discovered that the lander’s
ground support condition would be the primary performance driver, which made simulating the lander bulk
motion it causes a critical effect to capture in the EDU test campaign. To create a similar boundary
condition, plastically deforming elements were inserted underneath the lander simulator (Figure 9). By
adjusting the diameter of the yielding section of these parts, different Martian regolith conditions were
approximated. This approach was much more representative than a simple spring as a footpad on
regolith will not “spring back” significantly after penetrating once the load is removed. The lander platform
simulator was also ballasted to have flight-like mass properties, which also affect the dynamic motion of
the platform. The results of the EDU test campaign showed just how much the motion of the lander
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platform affects the separation state performance. These results were used to correlate the dynamic
model, which is ultimately used to verify the system performance against requirements.

A3

Figure 9. Deformable Element Simulated Combined Effect of Load Limiters and Martian Regolith

System Dynamic Modeling

MSC ADAMS is the primary tool for the analysis of the VECTOR throw. This software is a high-fidelity
multibody dynamics (MBD) platform utilized for simulating the kinematic and dynamic performance of
complex systems such as VECTOR. ADAMS enables accurate modeling of rigid and flexible bodies,
joints, contacts, and actuation, allowing realistic prediction of loads, deformations, and system dynamics
during the throw event. The model was correlated to available test data for selected parameters and
responses and subsequently used to generate time histories of force transmission, relative motion, and
load paths for downstream structural and loads analyses.

Modeling Methodology

The VECTOR ADAMS model consists of four primary elements as shown in Figure 10: (1) the MAV, (2)
the VECTOR strongback, (3) the lander/platform body, and (4) the landing gear. Each element is
implemented as either a flexible body or a rigid body depending on the goal of the simulation being run.
For example, the MAV is implemented as a rigid body when its mass properties are being modified for
each case in a Monte Carlo analysis.

2. VECTOR
Strongback

> > I
Figure 10. ADAMS Model Components

Interactions:

With the primary elements defined, the interactions between components can now be described. Starting
from the outermost element (the MAV), the interactions represented in the model are categorized as: (1)
MAV-VECTOR interface interactions, (2) VECTOR-lander interactions, (3) lander-landing gear
interaction and (4) landing gear/footpad—ground contact interactions. These interactions are modeled
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using a combination of idealized built-in ADAMS functions for simpler interactions and user-developed
FORTRAN-based subroutines for more complex behaviors, such as piston forces and soil-ground
interactions. “IMPACT” and “BISTOP” functions within ADAMS were used to capture the nonlinear
behavior of gaps between components where necessary, and “GFORCE” functions were used to capture
friction.

The lander platform is connected to the landing gear through load limiters. These components lie directly
in the load path between the lander, which houses the MAV, and the ground through the landing gear
system. The force—displacement behavior of the load limiters is approximately bilinear. Up to a specified
force level, they behave in a stiff, nearly elastic manner with relatively small deformation. Beyond this
threshold, they enter a large-deformation regime in which additional displacement occurs with little to no
increase in force, effectively functioning as energy-absorbing devices. The transition force at which the
load limiter changes behavior is tuned based on careful evaluation of the expected soil stiffness. The
ground and the load limiters can be idealized as two springs in series. If the ground is relatively stiff, most
of the deformation occurs in the load limiter. If the ground is soft, deformation primarily occurs in the soil
through local sinking. The load limiter characteristics are selected such that the combined soil-load limiter
response helps maintain a level lander configuration, even when the front and aft legs experience
different terrain conditions.

Ground interaction is modeled using a user-defined ADAMS subroutine, as the standard contact functions
available in ADAMS were not sufficient to capture this behavior. The functional form of the soil interaction
model is based on an Apollo-era Soil Mechanics Study by the Bendix Corporation [2] and a dedicated test
campaign conducted at JPL. The detailed formulation and calibration of the soil model, however, are
beyond the scope of this paper.

Correlation

In parallel with the flight model, a dedicated test model was developed to support the test campaign. The
same modeling methodology was used, to the extent possible, to represent the interactions between
components. While certain interactions differed due to the test configuration, others remained
representative of the flight system. Following the test campaign, the simulation results were correlated
with the test data. Lessons learned, updated parameters, and refinements to the modeling methodology
identified during the correlation effort were subsequently incorporated into the flight model.

The key parameters that were correlated were the MAV dynamics, primarily the pitch rate and vertical
velocity. Figure 11 presents a comparison between the correlated pitch rate measured during the test and
the pitch rate predicted by ADAMS, along with the corresponding comparison of vertical velocities from
test and simulation. As shown, the correlation was highly successful, with only small discrepancies
observed between the measured and predicted responses.
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Figure 11. Pitch Rate (left) and Vertical Velocity (right) Comparison Between ADAMS and Test Results
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Additional parameters correlated included the MAV-VECTOR interface loads measured at the spherical
trunnions. These modeled loads serve as the basis for load delivery to the stress and structural design
teams. Figure 12 presents the pin force at selected interfaces. The overall time-history shape and peak
magnitudes are captured with high accuracy, and similar agreement is observed across the interface load
response.
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Figure 12. Fz (vertical) Load Force Profiles From Test and ADAMS at VECTOR-MAYV Interface Locations

Results

The flight model was exercised using Monte Carlo simulations, in which a range of model parameters was
varied to capture system uncertainties. These parameters were grouped into six primary categories. The
first category included roller and guiderail properties, such as stiffness, gaps, and friction. The second
category addressed mass properties, including center of gravity location, inertias, and total mass. The
third category involved friction at the MAV-VECTOR interface. The fourth category covered piston
variations and potential asymmetry. The fifth category represented soil and ground conditions. The sixth
category included the load limiter characteristics at the lander and landing gear interface.

The parameters were varied in both magnitude and statistical distribution based on available data,
engineering judgment, and applicable requirements. Approximately 5,000 Monte Carlo cases were
executed for major load deliveries, and about 1,000 cases were run for intermediate trade studies.
Although the total number of cases was often constrained by time and computational resources, detailed
assessment of the results showed that key response metrics typically converged after approximately
2,000 to 2,500 cases.

Ground Interaction and Isolation

Among all parameters varied in the Monte Carlo simulations, soil condition was the dominant factor
governing the pitch rate error. The pitch rate error is formally defined as the difference between the
expected pitch rate value of 4*V;, which is tied to the vertical velocity, and the pitch rate observed in the
simulation or test. Figure 13 presents two representative cases. In the left case, the front leg is positioned
on soft soil (indicated by the black dot), while the aft legs rest on stiff ground. As the piston drives the
system downward, the front leg sinks into the soil, inducing a negative pitch of the lander and resulting in
the negative pitch rate shown in the corresponding time history plot. In the right case, the front leg is on
stiff ground while one of the aft legs is on soft soil. This produces the opposite response: the aft leg sinks,
the lander pitches in the positive direction, and the pitch rate time history reflects this reversed trend.

Since the launch event is only about 0.1 seconds long, the relative rotation required to generate the target
pitch rate is only about 1.5 degrees, or a pitch up of about 50 mm from nose to tail of the MAV. While the
VECTOR mechanism is designed to impart this motion relative to the lander, any rotation of the lander
platform during the throw can add or subtract to the realized rate. On homogenous ground, this isn’'t an
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issue, but mixed terrain was a different story. The softest soil was assumed to have an effective footpad
stiffness of ~400 N/mm, while it was also deemed credible that we could land on or adjacent to bedrock
outcrops. With forces of up to 30kN per footpad (due to dynamic amplification) going into the ground, the
resulting deflections of the soft ground were inducing rotation of the lander platform on the same order of
magnitude as we were trying to impart into the MAV.
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Figure 13. Ground Interaction and Pitch Rate Error

While it wasn’t practical to stiffen soft regolith on Mars, it was be possible to make hard ground appear
softer to the vehicle. To achieve this, ductile load limiters were added in-line with all landing gear attach
points. The load limiters were similar to those implemented for the Viking lander, as described by Pholen
et. al [3]. Annealed Nitronic 60 was chosen as the material to limit variability in the material’s strength with
temperature. They were designed to yield at a footpad force of about 10 kN, ensuring that all legs would
be loaded to this level early in the throw. After this load is reached, the load into the ground is held
relatively constant, and the three footpads largely stop penetrating the ground, regardless of whether they
are planted on hard rock or soft soil.

Figure 14. Landing gear load limiters. (left) vertical load limiters circled in blue, and radial strut load limiter
circled in orange. (right) cross section of vertical load limiter and attachment to vehicle.

These load limiters were also beneficial to the landing gear in limiting peak loads for landing. While the
lander was expected to land at a relatively benign 0.75+0.1 m/s, the lander could still experience
significant loads with a rigid load path interacting with hard ground. Thus, the load limiters had two jobs —
first ensure a safe, soft landing of the vehicle, then provide a uniform support for the VECTOR throw. As it
happened, the amount of energy required for both events was relatively similar, as shown in Figure 15.
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Figure 15. Expected Deflection of Single Load Limiter During Touchdown and VECTOR Throw

System Adaptability and Force Roll-Off

The system configuration, particularly the propellant grain geometry, piston geometry and internal
volume, allows the team the flexibility to adapt the design to lessons learned. Changing MAV loads and
other emergent requirements like the updates made to account for force roll-off late into development also
highlighted the need for flexibility in the design throughout development. Most changes can be accounted
for via simple propellant grain configuration modifications and tweaks to the orifice size. This flexible
design approach was intentional as the team anticipated the need to make performance updates as
VECTOR, the SRL, the MAV and mission environmental requirements matured.

Relatively late during development, it was found that the rapid removal of force at the end of stroke was
leading to the excitation of higher frequency modes and undesirably high accelerations within the MAV
(Figure 17). After evaluating various options, it was decided that the pistons would be modified in order to
“roll off” the force more gently prior to separation. Vent holes were added to the pistons, within the last
~25% of the stroke, allowing pressure to progressively vent over a longer time period (Figure 16), prior to
the separation event. The roll off of force over this longer period of time causes the strain energy of the
MAV to dissipate more slowly to avoid exciting higher frequency modes.

Figure 16. Actuator Progressive Venting During Function
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Figure 17. MAV Vertical Acceleration at IMU for Baseline (blue) and Vented (orange) Configurations.

Conclusion

The VECTOR architecture proved robust despite a healthy amount of skepticism at every early review. By
making the separation of the MAV into a definitive event, it removes much uncertainty of off-nominal
interactions during a slower or less forceful separation. As with any major mechanism development, it
was not without surprises. As one astute review board member said at an early VECTOR architecture
review: “You can’t put a requirement on the Martian surface.” Little did we know that this observation
would predict a major driver of head-scratching for our team over the coming years. Mitigating this
interaction involved close collaboration with other spacecraft element teams, primarily the landing gear
team. The force roll-off problem highlighted the value of working with vendors that have the knowledge
and flexibility to test potential solutions with their own hardware quickly before committing to a complete
redesign.
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