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Abstract

The Programmable Lead Screw Actuated Self-Leveling Platform (PLSASLP) was developed to provide a
self-leveling and load-bearing foundation for payloads that need leveling of up to 15 degrees. Consequently,
the PLSASLP can also provide a 30-degree conical field of view for precision pointing of instruments.
PLSASLP is based on a simple, yet stable geometric model, where undesired motions are restricted to
minimize hardware mass and complexity needed to keep the leveling base stable. Redundancy can also
be implemented without changing the system architecture. Both system simplicity and configurability
indicate the PLSASLP architecture is an effective, viable leveling and pointing solution for flight applications.

Introduction

The PLSASLP, shown in Figure 1, is designed to provide a self-leveling and load-bearing foundation
required by various autonomously operated planetary surface robotic or deployable systems. The leveling
platform was designed to withstand compressive and tensile loads resulting from applied static torque, while
providing leveling capability in a scalable architecture that could support tall and heavy payloads.

Figure 1 - Programable Lead Screw Actuated Self-Leveling Platform (PLSASLP) in standby position;
detail on the right shows the PLSASLP tilted at 10 degrees. Prototype is complete and undergoing
testing.
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Targeted payload systems such as the 2.25-m reach Lightweight Surface Manipulation System with 35-kg
tip mass handling capability (LSMS-L35) [1] and 16-m tall Vertical Solar Array Technology (VSAT) [2], have
small foundational footprints and require electrical pass-through for power and data transfer at the base,
where the leveling occurs. Self-leveling platforms, like most flight-hardware, also need to be lightweight,
while providing redundancy to ensure system longevity for the duration of the mission and potentially
beyond.

Initial System Capability Requirement

The primary and initial design requirement for the self-leveling platform is to level the supported payload
from a slope of up to 15 degrees in any direction. 15-degree tilt tolerance is a requirement on many
planetary landers to accommodate the uneven terrain conditions at the landing site. The leveling platform
provides up to 20 degrees of peak tilt, at certain orientations, providing additional capability to accommodate
unexpected events. The additional 5 degrees of tilt are redundancy reserved for critical use cases and
should not be considered as part of the standard capability of the leveling platform.

A leveling platform driven electrically is desirable to accommodate operation at remote locations (on orbit
or on a planetary surface). The leveling platform requires an inertial position input to perform self-leveling,
which may come from external systems such as the payload mounted on the leveling platform, the lander
the leveling platform is mounted to, or other forms of electronic perception systems, such as an inertial
measurement unit (IMU). The leveling platform will use the input data to automatically level or point in the
desired direction.

The leveling platform architecture is intended to be scalable. For the first implementation of the leveling
platform architecture, the prototype was sized to support the LSMS-L35 prototype, which can generate up
to 150 Nem of static torque at the base, from a maximum tip mass of 35 kg at full 2.25 m of reach. The
leveling platform needs to passively withstand at least 900 Nem of static torque perpendicular to the
mounting surface to provide a safety factor of six for where the LSMS-L35 prototype is mounted. The
specific factor of safety is selected to match the safety factor of at least five for lifting devices, stated in
Occupational Safety and Health Administration regulation 1926.753(e)(2) [3]. A safety factor of six ensures
proper safety with additional margin to accommodate payloads that may experience unexpected load. The
leveling platform, however, does not need to perform active leveling to counteract the 150 Nem of static
torque load when the LSMS-L35 is being utilized at full system capacity. Payloads are expected to be
leveled before deployment and operation. The leveling system should scale to meet the specific
requirements of the targeted payload.

Precedent Research and Additional Desigh Recommendation

During the design process, precedent research was performed to identify and evaluate potential leveling
solutions to meet the design requirements. The distinct leveling base architectures evaluated in the
precedent research included:

1. Stewart platform [4]

2. Canfield joint [5]

3. Two rotary axes actuated joint (Gimbal, Heligimbal) [6]

4. Linear actuated two rotary axes joint (Stack Goniometer) [7]

5. Dome tilting platform (Only hand operated designs found) [8]

Each potential leveling solution was evaluated with realistic computer-aided design models or utilizing
existing products, where both quantitative metrics and qualitative characteristics were compared.
Hypothetical schematic level designs were used early in the study but were quickly found insufficient to
provide adequate information needed to make a meaningful comparison between candidates. For example,
some solutions are simple in theory, but to make a realistic implementation work with a targeted payload
required overhead that negated the benefit of the proposed approach. Critical metrics such as mass, the
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range of motion, footprint, and volume can also be difficult to estimate without a realistic implementation
created for the targeted system. Furthermore, while all solutions considered in the precedent research could
achieve the basic desired leveling function, some qualitative characteristics such as redundancy
opportunities and kinematic behavior on the actual hardware, often deviated from the ideological model.
Studies conducted with realistic hardware implementations helped identify undesirable behaviors to avoid
and helped refine design features.

Based on lessons learned from the precedent research, two additional design recommendations were
appended to help guide the design of the leveling platform. Unlike hard requirements, the recommendations
were solely checks against features and behaviors that may impact the performance of a particular
implementation on a case-to-case basis.

The first recommendation is to minimize lateral displacement caused by leveling or pointing operations.
The payload being leveled should remain in place about the designated pivot point. As the study suggested,
most leveling and pointing mechanisms will result in some degree of involuntary translational displacement
(ITD) due to the geometric nature of the architecture. Lateral displacement often moves the payload out of
the optimal load path, such as cantilevering the payload, which requires more structure to properly support
the load of the payload. Base position shift can also affect the operation envelope of payload, which could
be critical for certain missions. Additional degree of freedom (DOF) can be used to correct involuntary
displacement but adds undesirable complexity to the leveling system.

The second recommendation is to avoid using rotary actuation to counteract static torque directly.
Counteracting static torque with parallel rotary actuation generally requires larger, continuously powered
actuators and brakes, which have significant negative impacts on the mass and energy consumption of the
leveling and pointing system. Ideally, the platform will require no power to maintain position once set in
place. Non-backdrivable lead screws, or worm gears are good candidates for maintaining position without
power.

The leading leveling base architecture identified was the linear actuated Stewart Platform. Due to the
parallel actuated nature of Stewart Platform, loads can be distributed among actuators more evenly, and
the actuators did not need to accommodate the mass of actuators sitting on top of one another. In a parallel
arrangement like the Stewart Platform, the full capacity of the linear actuators can be utilized to support the
payload. The Stewart Platform, however, had one major drawback: six actuators are required for the
platform, where only two actuators are really needed for a two DOF leveling or pointing platform. The
investigation suggested the leveling platform should have a parallel actuated architecture, like the Stewart
Platform, but with a minimum number of actuators to perform both leveling and pointing.

Mechanism Description of the PLSASLP

The PLSASLP achieves the specified leveling capability by using a set motor-powered solid zinc-plated
alloy steel rod linear actuator, connected between the base platform and the motion platform as indicated
in Figure 2. Three actuators were selected, as opposed to two, to provide redundancy. The actuators are
located 120 degrees apart equidistant from each other and equal radial distance from the idealized center.
The platform is leveled by differences in stroke length of the actuators. Each linear actuator is mounted
onto the base platform with a one DOF rotary joint and mounted to the motion platform with a two DOF
swivel joint to provide the necessary three DOF to move the motion platform for the leveling or pointing, as
shown in Figure 2. Any two linear actuators can tilt the platform to achieve leveling or pointing, but the third
linear actuator, when installed, can provide some redundancy, enhance leveling speed performance, and
enable Z global translation for the platform. A fixed-length link may replace the third linear actuator, when
redundancy is not required, as shown in Figure 2a.
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Figure 2 — Diagrams show the basic anatomy of the PLSASLP, and the corresponding global leveling
motion resulted from the local linear moment powered by the linear actuators.

Motion wise, the PLSASLP can be simplified as two equilateral triangles, one staged on top of another,
connected with variable links at each corner, as shown in Figure 3. One triangle is stationary, and the other
triangle can only rotate about the roll (X) and pitch (Y) but cannot rotate about the yaw (Z) axis, as yaw (Z2)
rotation is restricted by the rotary joints at each corner on the stationary triangle. The rotary joints at each
corner can only rotate toward the center of the stationary triangle. As a result, the mobile triangle can only
be tilted with each corner staying on the plane bisecting the connected corners of the stationary triangle.
The ratio between all variable links will determine in which direction and how much the mobile triangle will
be tilted relative to the stationary triangle. Given the geometric constraint, the PLSASLP cannot fully
eliminate ITD, but ITD is less than 0.75 mm at maximum tilt of 15 degrees, which will not significantly shift
the load path or operational area of the targeted LSMS-L35 payload.
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Figure 3 — Diagram shows the geometric principle PLSASLP is based on, which allows the tilting motion
needed for the leveling and pointing, while restricting all other DOF to keep the platform stiff.
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Prototype Specification and Features

The PLSASLP prototype can level a payload with the 15-degree slope. The PLSASLP prototype can also
passively withstand more than 900 Nem static torque load acting perpendicularly to the mounting surface.
There are three M10x1.25 mm lead screw swivel joints made of zinc-plated alloy steel, on the load bearing
linear actuators supporting the payload. The linear actuators are evenly distributed, 120 degrees apart,
30.475 mm away from the center of the platform. While the tensile strength is not listed for the specific
COTS lead screw swivel joint, the tensile strength is estimated based on similar M10x1.25 mm Hex-bolt
made of the same material, rated at 965.266 N/mm?2 (140,000 psi) with 61.2-mm? tensile area. Each lead
screw can provide 59,074.2 N of reacting force or about 1800 Nem of reacting torque at the worst position
possible to counteract the 900 Nem specified static torque load.

Unlike passive load bearing, active leveling for an operating payload is not part of the requirements.
Providing equally capable active leveling as the passive load bearing for the same load requirement would
significantly increase the demand on the motors. In the worst-case scenario, only one linear actuator will
be either pushing or pulling to level or point the payload. The active leveling capability limit is calculated
below based on the conservative capability of a single linear actuator multiplied by the distance between
actuator and the center of the motion base (30.475 mm).

Each linear actuator is powered by a 22-mm-diameter rotary motor-gearbox drive capable of up to 3.4 Nem
of torque driving the M10x1.25 mm lead screw, assumed to have a 0.25 coefficient of friction for the worst-
case scenario. The linear actuator load bearing assembly is estimated to be capable of 2325 N of pushing
force based on lead screw equations (1) and (2) [9]

Torque(raise) = F+*Dp/2+ (L+u*m*Dp)/(m+Dp —u=L) Q)
Torque(lower) = F xDp/2* (L—u=*m*Dp)/(m+*Dp +u=L) (2)
where F = Force, Dp = Pitch diameter, L = Lead (screw pitch), and u = Coefficient of Friction.

The PLSASLP prototype can perform active leveling to counteract up to 70.85 Nem of static torque
generated by the payload.

The PLSASLP prototype has a small footprint that fits in a 108-mm-diameter circle with a total height of
192.3 mm (Within a 1761.64 cm? cylindrical volume). The PLSASLP prototype measured only about
1.36 kg, which is mass efficient without much mass penalty to connect components together.

A utility pass-through corridor is located at the center of the PLSASLP prototype to allow electrical cable
harnesses or other utilities to route from where the payload is mounted to the PLSASLP. The utility pass-
through corridor is a critical feature needed by systems like the LSMS- L35, where external cable routing
would significantly limit the system’s range of motion.

Bolt mounting patterns are on both the base platform and the motion platform to provide mechanical
connection between the PLSASLP and other systems. Primary mounting patterns surround the center utility
pass-through corridor. Meanwhile, secondary mounting patterns are on the housing of each joint to allow
loads to be transferred directly to the load-bearing lead screw powered by the flight-like motor.

Prototype Hardware Fabrication

Restricting unnecessary DOF, as in the geometric model in Figure 3, caused tight tolerance requirements.
Significant misalignment on where the linear actuators are mounted would cause the leveling platform to
lockup. Yet, high precision, tight tolerance, computer numerical control (CNC) manufactured processes are
very expensive. As a cost saving measure to make the prototype feasible under budget constraints, the
standard +0.128 mm tolerance CNC manufacturing process was chosen to produce all the necessary
custom parts. Critical alignment features housing the joint axes were then checked and fine-tuned in-house
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to meet the tight tolerance design requirement. Both the motion platform and base platform are CNC parts
with a unibody design to reduce part counts, while making the parts more structurally robust and stiff.

A lesson learned from early prototypes indicated that even the slightest misalignment between the two
bearings where the rotary joint is mounted preloaded the joint, causing the joint to spring back to a neutral
position following a move. The inconsistency of the joint movement can cause inaccurate sensor readings
and added unnecessary load for the actuators to overcome. While most features are acceptable using the
standard tolerance CNC manufacture process, critical features that affect the motion of the PLSASLP
should be refined to ensure proper tolerancing and functionality of the PLSASLP.

Short lead time commercial off the shelf (COTS) parts were used whenever possible. Precision COTS
bearings were used on the joints to keep the precise movement smooth and ensure the load can be
distributed evenly to the load-bearing housing. The three linear actuators were powered by flight-like
precision COTS motors with an integrated gearbox and encoder.

The linear drive screws used on the PLSASLP prototype were made in house to provide the optimal form
factor and features needed to achieve the PLSASLP envisioned design. The linear drive screws, however,
are not yet optimal for the intended application, as the construction was limited by need to integrate generic
COTS components. Linear encoders were not integrated into the prototype, with the prototype relying on
the motor encoder to predict the stroke length. Backlash is another issue found on the in-house linear
actuator prototypes. While both the geometric architecture of the PLASALP and joints are both relatively
stiff, backlash on the linear actuator can significantly reduce the stiffness of the platform and lead to
undesirable chatter during operation.

To make the PLSASLP as reliable as possible, a custom-made linear actuator design with zero- or anti-
backlash solid rod stroke actuation element is highly recommended for the production design to keep the
PLASALP as stiff as possible. The solid rod stroke actuation element can make the integration of a linear
encoder difficult, but a multi-turn absolute rotary encoder can be used to accurately predict the stroke
length. An IMU can also be used to verify the position of the platform during operation.

Control and Sensor Implementation

PLSASLP is relatively simple in the realm of parallel robotics. However, common COTS robotic software
like the Robot Operating System 2 (ROS2) [10] have significantly less ready-to-use support for parallel
platforms than serial platforms. Custom inverse kinematics control software based on the geometric model,
shown in Figure 3, needs to be developed or implemented into the existing framework to drive the
PLSASLP.

Autonomous operation integration for performance and health monitoring is another challenging area when
designing the PLSASLP. The IMU and position encoders for controlling the linear actuators are essential
for the PLSASLP. Secondary perception sensors, such as joint encoders, or load cells on structure
elements can provide more feedback for the control software to perform higher levels of autonomous health
monitoring and precision control. As a development prototype, the PLSASLP is designed to allow a wide
range of experimental sensors to be outfitted to test different sensor packages and control architectures for
research purposes. However, overcrowding the design with sensor systems can make the leveling platform
overly complicated, increase potential points of failure, and is not recommended for all applications.

Concluding Remarks

The PLSASLP architecture is designed to provide active leveling and pointing functionality with load bearing
capability as a scalable system to support potentially tall and heavy planetary payloads. Precedent research
with realistically implemented candidates was performed to investigate the viability of existing solutions for
the targeted applications. Most of the candidates could meet all the essential requirements. However,
potentially problematic behaviors, such as involuntary translational displacement was found among several
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candidates, which would have negative unanticipated impacts on the intended application. Findings from
the precedent research led to the design of PLSASLP.

Prototypes based on the PLSASLP architecture were made to further examine the concept for
manufacturability, system performance, and operation robustness, while serving as a testbed for the LSMS-
L35 system to support software control development. The precise, yet simple hardware architecture makes
PLSASLP easy to implement, mass efficient and compact. The PLSASLP prototype meets the 15-degree
leveling and 900 Nem of static torque load bearing requirement but has some minor ITD that does not
significantly change the center of gravity and operation range for LSMS-35 operation. Overall, PLSASLP
may be a feasible solution to perform leveling for payload up to 15 degrees or pointing with a 30-degree
conical field of view. PLSASLP is currently patent pending.
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