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Abstract—Proposed Mars Sample Return (MSR) missions
would require on-orbit assembly of containment vessels to
meet backward Planetary Protection requirements and
transfer of the sample container through various stations
and positions. Some operations would have to be performed
autonomously, and others would require ground-in-loop
decision-making stages and verification processes. One
concept design for an Earth Return Orbiter (ERO) Capture,
Contain, and Return System (CCRS) Transfer Mechanism
(TM) is a multi-Degree of Freedom (DOF) manipulator that
utilizes a passive End Effector (EE) to assist in containment
vessel assembly. To converge on a feasible design, a robotic
system process has been instantiated. This process is
composed of three main phases: robotic problem definition
(operating environment, operations/functions, system goals),
robotic solution selection (trade studies on the number of
degrees of freedom, number of mechanisms, types of
mechanisms), robotic solution design, implementation, and
verification and validation (kinematic configuration, robotic
and kinematic analysis and topology optimization of
components). As a final product of this process, a half-scale
functional prototype of the TM was developed to
demonstrate the end-to-end operation capability.
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1. INTRODUCTION
The 2011 Planetary Decadal Survey [1] recommended the
return of samples from Mars as one of the highest-priority
goals for the 2013-2022 decade [1]. One of the leading
reasons for this goal was the inability of current space-

Figure 1. Notional MSR architecture. Note that all elements beyond Mars 2020 are conceptual
(Credit: Omar Rehman, NASA/JPL-Caltech) [2].
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qualified technologies to perform definitive life detection
tests in situ on Mars. This technology gap drove the desire
to bring samples back from Mars in order to study them
thoroughly with the most capable laboratory equipment
available. A notional Mars sample return campaign
architecture is shown in Fig. 1 [2]. All the studies and
designs here are preliminary and conceptual; NASA has
made no decisions on the design or implementation of
Mars Sample Return.
One of the Mars 2020 rover goals is to collect,
encapsulate, and seal rock core and regolith samples.
Later, a Sample Return Lander (SRL) would carry a rover
and a Mars Ascent Vehicle (MAV) to the surface of Mars
[3]. The SRL rover would collect the samples and place
them aboard the MAV to launch and place the Orbital
Sample (OS) into Mars orbit. Then, the Earth Return
Orbiter (ERO) would retrieve the OS from Mars orbit and
return it to Earth inside of an Earth Entry Vehicle (EEV).
Once on the surface of Earth, the samples could be
recovered and placed in a proposed Mars Returned
Sample Handling (MRSH) facility for curation and
quarantine.

Figure 3. Capture, Contain, and Return System
Concept [2].
Background
The study of OS manipulation has been performed several
different times over the past two decades. As seen in Fig.
4 there have been many different proposed architectures
and designs in that time. As the understanding of the
problems and goals have matured, the architectures have
as well. Since the earliest designs, many system goals and
subsystem goals have been more thoroughly defined. This
has led to several key changes: due to the desire to
encapsulate dust that may be liberated from the OS
surface during impact, the TM needs to operate within a
closed volume. Additionally, due to the proposed
architecture for the Break the Chain (BTC) technology,
the geometry of the OS, and how the containers are
assembled, the operation must be linear [5, 6]. (the TM
must support a linear assembly operation)

Earth Return Orbiter Concept
A notional ERO would detect, rendezvous, and capture
the OS in Mars orbit as seen in Fig. 2. It would then
transfer the OS to an Earth Entry Vehicle (EEV), return to
Earth orbit, and then jettison the EEV towards the Earth
before performing a divert maneuver. In order to perform
several operations to position the OS aboard the ERO, a
Transfer Mechanism would be needed.

Figure 4. Multiple Generations of Capture, Contain,
and Return System Concepts [2, 4, 7, 8, 9, 10].

Figure 2. Artist’s concept of OS capture in Mars Orbit
(Credit: D. Hinkle NASA-JPL/Caltech) [4].

2. ROBOTICS SYSTEM DESIGN

Notionally, aboard the ERO, there would be a payload for
capture, containment, and Earth return; this payload
would be called the Capture, Contain, and Return System
(CCRS). The CCRS concept would have three modules,
the Earth Return Module (ERM), the Containment
Module (CM), and the Capture and Orient Module
(COM). A diagram showing the payload concept and the
three modules can be seen in Fig. 3. The Transfer
Mechanism (TM) is a subsystem of the COM and
performs many of the manipulation and motion tasks.
This Transfer Mechanism (TM) is the focus of this
document.

Robotic Problem Definition
The first step in creating a system capable of
accomplishing its goals is to define the problem. During
the problem definition phase, the most important elements
concerning the problem are described. A more
comprehensive knowledge about the problem should
allow the solution to emerge by itself. The Robotics
Problem Definition Process diagram is represented in the
Fig. 5.
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Figure 5. Robotics Problem Definition Process
Diagram.

•

The main phases of this process are:
• Operating Space: Environment, illumination,
dynamic vs static, thermal, radiation.
• Operations/Functions: What are the main goals the
system wants to achieve? What are the needed
degrees of freedom?
• Physical Observations: Physical quantities to be
observed related to the workspace to interact with it.
• Static vs Dynamic: Static vs dynamic environment
interaction (lander/orbiter, rover).
• Goals – What is the system doing?: Is the system
moving (exploring) within the environment, or
stationary within the environment? What is the
system trying to do? Both in terms of positioning
degrees of freedom and in terms of applying loads
degrees of freedom.
The phase following the Robotics Problem Definition is
the Robotics Solution Implementation.

The TM must provide alignment capability for the
latching and PCV assembly stages.
The TM End Effector must provide compliance and
alignment to support the latching, OS insertion, PCV
assembly, and the sealing load as seen in Fig. 6.
The TM operations must be repeatable.
The TM must operate within volumes allocated to it.
The TM must operate within an enclosed volume (for
Planetary Protection).
The TM must operate in Mars orbit and survive
transit from Earth to Mars (environment).

Figure 6. Fundamental Motion CONOPs.
The TM has five main motion-based goals, which are
highlighted in Fig. 7:
• Funneling: transferring the OS from the larger
Capture Volume to the smaller Orientation Module
volume.
• Latching: post-orientation PCV Lid to OS
securement.
• OS Insertion: insertion of the OS into the PCV base
• PCV Assembly: mating the PCV Lid and the PCV
Base.
• Sealing Load: reacts load from PCV Lid dual wall
separation springs as seen on the in Fig. 9.

Goals
The Transfer Mechanism’s architecture is highly
dependent on the interfaces that it shares with the other
subsystems of the Capture and Orient Module (COM).
The TM is the subsystem that operationally joins the
subsystems together. In order to properly design the TM,
an understanding of the other subsystems and their goals
is critical. This involved working with the lead engineers
for the other subsystems to co-optimize the interfaces and
determine the best method for presenting and reporting
the goals.
• The TM must not allow contact between the Primary
Containment Vessel (PCV) Lid and the dynamic OS.
• The TM must position the paddle over the center of
the capture volume in less than or equal to 2 seconds.
This operation cages the OS and prevents it from
striking the Capture Lid.
• The TM is the subsystem responsible for transport of
the OS to and from the various stations. The TM must
transfer the OS through the Capture Volume through
to the PCV Base (high stroke ~860 mm).
• The TM must provide a strictly linear motion for at
least 400 mm.
• The TM must react the PCV Lid spring separation
load (300N un-margined).
• The TM must be able to apply the latching preload
(270-300N un-margined).
• The TM Paddle must provide an over-center contact
on the OS. The over-center contact is driven by the
need to avoid pinching cases in which the OS is
pushed into a corner.
• The TM Paddle must be able to fit through the
Orientation Module bore [Ø 270] mm.

Figure 7. Transfer Mechanism Concept Operation
Flow.
Each of these stages of the operations have distinct goals
so there is an option to split these goals up amongst
multiple arms or mechanisms. In order to downselect to a
single recommended concept, a study of many
configurations had to be performed. The process utilized
the idea that during the assembly process for getting the
3

OS into the PCV, the end effector of the arm changes
since the most constraining parts are varying as the
process proceeds. Prior to and during the latching
operation, the Pin tip is considered the end effector. Prior
to and during the OS insertion into the PCV, the OS is the
end effector. Once the OS is inside the PCV Base, the
PCV seal edge becomes the end effector for final
alignment before sealing occurs. The seal edge, pin, and
OS can all be seen in Fig. 8.

There are two distinct load cases for the TM. The first is
the latching load; a simplified diagram of this concept is
shown on the left side of Fig. 10. The latching load is
driven by the amount of force it takes to deflect individual
pawls on a barb-like device. In a recent version of the
design, the pawls are organized such that there are three
per layer, which are set 120 degrees apart. The next layer
is the same as the last, but is rotated 30 degrees. This
repeats as the layers progress.

Figure 10. Preload Cases.
To get a conservative estimate of the preload needed, it
was assumed that all the pawls would be imparting the
same force required for max deflection. This is
conservative since the tolerances would lead to some
pawls not deflecting fully or at all. The load per layer of
pawls is around 30 N, and there could be either 9 or 10
layers of pawls, resulting in a max load of around 270 N
to 300 N. The profile of this load would look something
similar to a staircase, like what is seen in Fig. 11.

Figure 8. Various Tips for Assembly Operations.
A pictorial description of this changing end effector
location can be seen in Fig. 9, along with the current best
estimate for the radial, normal, and angular alignments
that must be achieved at the various stages. Since this is
an assembly process, there would be clearances and
tolerance stack-ups that result in misalignments between
the Primary Containment Vessel (PCV) and the OS.
These misalignments could result in either a rigid but
misaligned assembly or a compliant (loose) PCV and OS
assembly. The stack-ups that result in these conditions
would need to close with the PCV design, which is still
under development. The rigid connection with closely
controlled clearances is preferred over the compliant
assembly due to the assembly’s tendency to result in twopoint jamming.

Figure 11. Load and Accuracy Goals along Path.
The second load case is the reaction load needed during
the PCV dual wall spring separation. A pictorial
description of this event can be seen on the right side of
Fig 10. The concept is that springs are preloaded inside
the PCV lid. When the braze seal is heated, the interior
and exterior lids are allowed to move relative to one
another, and the springs force them apart. This pushes
back on the outer lid (which is connected to the End
Effector) with a force of 300 N. This load can be handled
by actively preloading the joint during the sealing
operation. It can also be handled though passively locking
the PCV Lid in the position needed to react the separation

Figure 9. OS/PCV Assembly Process.
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load. It is also worth noting that the accuracy goals
increase along the path. The current goals for this can be
seen in the lower part of Fig. 11. The PCV assembly is the
driving case for the accuracy goals. The BTC seal concept
has a need for close alignments in order for the braze seal
faces to come close enough to each other.

presented through this paper was defined using this
process.
Kinematic and Robotic Analysis
Robot kinematics is the study of the motion of robots. In
a kinematic analysis the position, velocity, and
acceleration of all the links are computed with and
without considering the forces that cause this motion. Fig.
14 captures the Robotics Analysis Flowchart adopted to
generate requirements for a robotics system:
1. Coordinates Frames and Key Target.
The robotics system geometric dimensions are
defined, together with the primary/secondary
workspace and the related teach-points. The
deliverables are: technical drawings, frame
definitions and homogenous transformations
(relative position and orientation) between the
frames.
2. System Error Budget.
The robotics system error sources are provided.
3. Uncertainty Analysis.
The robotics system error sources are propagated
to the frames of interest (end-effector/tool
frames) and they are combined properly.
4. Operation Scenario, Error Budgets and Loads
Convergence.
Using the aforementioned Robotics Analysis
Deliverables, it is possible to create operational
scenarios (primary workspace and teach-points)
and estimate positioning and load budgets for
requirements generation and/or requirements
comparison.

Robotic Solution Implementation
Once the Robotics Problem is properly defined, the next
phase is the Robotics Solution Implementation. The
Robotics Solution Implementation diagram is depicted in
Fig. 12.

Figure 12. Robotics Solution Implementation Process
Diagram.
First, a Mechatronic System Family is selected. A family
of mechatronic systems is a combination of hardware,
software and sensors that operate harmoniously together
to solve a given problem in a specified environment. An
example of a Mechatronic System Family is represented
by the Robotic Arm (RA) mechatronic system family to
answer to a given problem in a specified environment.
The option space includes anthropomorphic RAs, hyperanthropomorphic RAs, dexterous End Effectors (EEs)
with hypo-anthropomorphic RAs, or dual/coupled RAs
that functionally decompose DOFs to one of several RAs.
All these options constitute the Mechatronic System
Solution Tree. After that, Trade-Offs are defined based on
the following categories: DOFs, Control Strategy,
Mechanisms, Sensors, Avionics, and Algorithms, see Fig.
13 for a content description of each category.

Figure 14. Robotics Analysis Flowchart.
Figure 9 reports the Robotic Goals of the OS-PCV
Assembly Process as described in the Goals section. This
process is constituted of different steps; each of them
presents an end-effector and a preliminary position and
load budget to be compared with the budgets produced by
the Robotic Analysis chart.
Figure 13. Trade-Offs Categories applied to the
Mechatronic System Solution Tree.

3. TRADE STUDIES
The architecture level trade investigated several options
varying from minimalist two DOF mechanisms to 5+
DOF anthropomorphic arms. Some of these options can
be seen in Fig. 15 along with the previous designs shown
in Fig. 16.

These Trade-Offs are applied both at a category level on
the same Robotics Solution (Inner Trade-off) and on other
Robotics Solutions that belong to the same Mechatronic
System Solution Tree (Outer Trade-off). This process
could present a few iterations to converge to the Robotics
Reliable Solution. The Robotics Reliable Solution
5

TM design that has the ability to changes its end effector
tool (from a paddle to the PCV Lid), and a fast moving
caging actuator.
The concepts proposed here are different from many other
serial manipulators in that the TM DOFs’ motions are
intended for pseudo-independent use and are not meant
for combined or coordinated motion. The TM is a joint
torque independent or non-planar serial manipulator. This
means that the joints are not parallel and the individual
joint torque needs are not coupled and are instead handled
as cross moments (carried by the bearings) for the other
DOFs. This joint decoupling also allows DOFs to run to
hard stops to reach the coarse positions. An end effector
could then be used to solve the finer positioning goals.
Figure 15. Transfer Mechanism Concepts [4].

This decoupling of the coarse and fine manipulation
between the large motion DOFs and a more dexterous end
effector allows the TM to reach the goals more efficiently
due to the solution localization. This means that rather
than trying to solve the robotic assembly task while
accounting for all the DOFs kinematic and GD&T
uncertainties, the assembly can be resolved by an end
effector. There are two modes of this implementation; the
first of which is an active EE that would use force
feedback to reach the desired position and orientation of
the PCV Lid. The second would be a passive alignment
mechanism if self-aligning geometries for the latching and
PCV assemblies prove successful.

These options show examples of designs that existed at
various stages in the design process through various
architectures. However, the Transfer Mechanism exists
within a system and must conform to volumetric
requirements imposed by how the rest of the system is
designed. The TM is designed to accommodate these
other subsystems, while imposing as few changes on other
subsystems as possible. In effect, this means that the TM
is designed “last” after many other elements and the highlevel architecture are selected. This has eliminated several
of the options from the option space. Examples for this
include the design to keep all operations on one common
axis (eliminated the MACARONE design) or the desire to
keep the volume closed after capture for Planetary
Protection (eliminated the five DOF and the planar three
DOF manipulators).

Since there is a large linear stroke need, a means of
generating strictly linear motion was needed. The
traditional linear type mechanisms were found to be most
suitable from a mass, volume, stroke length, and preload
capability perspective. Another metric that favored the
linear mechanisms was the quantity of actuators since
parallel linear motion requires at least three DOFs for a
rotation based kinematic chain. The selection process for
how and how many of these elements are implemented is
described in the following section.
Multi Mechanism Trade
Based on the five fundamental motions needed for the
completion of the TM mechanism’s highest-level goal of
assembling the OS into the PCV, a family tree of the
options was generated. It was decided to limit the option
space to three mechanisms (the max being five if there
were one per motion). There are only eleven options since
it was assumed that mechanisms would not “hop” control
of the OS (as in handoffs are one-way). The tree captures
all eleven possible options as can be seen in Fig. 17. In
order to compare these, an example architecture for each
of the eleven options was created, and the number of
actuators, release mechanisms, and the MEV mass were
all tracked in order to compare them. The mass was
obtained by creating rough CAD mock-ups and applying a
mass margining standard. Note that it was assumed that
all the linear mechanisms were of the screw type in order
to compare like to like and not try to optimize a large
workspace of individual options. For example, there are
11 total TM architecture options, and 11 different linear
motion mechanisms, there is at minima 121 options. As

Figure 16. Transfer Mechanism Previous Concepts [4,
8].
As the design of the system matured, further options were
removed from the trade space. Some key examples of this
were that the design of the Capture Volume calls for a TM
design that places limits on the sizes of cut out features on
the volume to prevent the OS from becoming jammed in
or escaping through them. Additionally, there is a limit to
the channel width that the Orientation Mechanism allows.
One of the OM concepts limits the width of the channel to
65 mm.
Further trade space restriction occurred because, as
mentioned before in the Robotics Problem Definition, the
TM must not allow contact between the PCV Lid and a
dynamic OS and it must move the paddle from clear of
center to over center in 2 seconds. The compounding
result of these restrictions and constraints that leads to a
6

you combine them for TM architectures where there are
two linear stages, the quantity continues to grow.

Figure 19. Pruned Family Tree.
Funneling Mechanism Trade
Several different methods exist for the large stroke linear
transfer. In Fig. 20, some examples of the options
explored can be seen below. The simplified CAD models
were used to get rough mass estimates, and the options
were compared. A nearly identical plot was generated for
the (F)LOP(S) options (FLOPS, FLOP, LOPS, LOP) and
the results for lowest mass were also estimated from the
CAD models.

Figure 17. Multi Mechanism Family Tree.
The seven configurations that separated Latching, OS
insertion, and PCV assembly all had a large mass and
mechanism disadvantage due to the quantity of hand off
operations, resulting in a need to have duplicated DOFs
and release mechanisms. These options were eliminated
from the subsequent trades due to this inefficiency. The
remaining four configurations had similar fundamental
mechanisms with slightly varied stroke length needs.
Some examples of the top options can be seen in Fig. 18.

Figure 20. Funneling Concepts.
Sealing Load Mechanism Trade
The benefit to the having an independent sealing load
mechanism is that the TM and all its DOFs would not
need to supply or react the separation load. The
localization of the sealing operation also decouples a
critical operation and is designed for a single operation.
There are many different methods that can be used to
react the PCV spring separation seen during the sealing
operation; some of these options include mechanisms,
negative pressure, magnetism, and fluid based methods.
Additionally, there is an option to not have a dedicated
mechanism and instead use the TM for this function.
Some examples of the concepts can be seen in Fig. 21.

Figure 18. Example of Top Four Concepts.
These four top options were then compiled into a pruned
tree, which can be seen in Fig. 19. Each version of the
system has a different set of acronyms varying from 1-3
mechanisms. The next step is to figure out which
mechanism for each sub element is preferred. Due to the
inherent similarities between the sub elements, the
fundamental systems fell into three categories of repeated
or highly related functions.

Figure 21. Sealing Load Mechanism Trade Tree.
End Effector Trade
7

The End Effector (EE) is a mechanism that is needed to
assist in the alignment and compliance needed for the
assembly process. The EE must provide compliance
during assembly operations but must also be rigid in the z
direction (bore aligned) for the PCV seal preload. There
are two main categories: active alignment (controlled with
force feedback) or passive alignment that is controlled
through geometry, compliance, and assembly features. In
compliant mechanisms, the compliance is often coupled.
An example of this would be in a compliant Stewart
platform where if the lateral direction needs to be made
stiffer, the normal (z direction) is also made stiffer. On the
other side, if the lateral direction needs to be more
compliant, then the normal (z direction) may not be stiff
enough to support the preload desired. Several options
were evaluated for the EE, but due to the volume
restrictions and the need to align four DOFs, there were
two primary options, the first being an active Stewart
platform, and the other a passive Stewart platform, as seen
in Figs. 22 and 23 respectively.

interface that shunts the load during the preload operation.
This means that the EE becomes locked in configuration
once the target deflection is reached. However, the
disadvantage of a passive end effector is that jamming
could occur.
Paddle Trade
The paddle was the mechanism chosen to solve the need
for changing the diameter of the end effector that the TM
uses to push the OS through the Capture Volume. The
options fell into two categories: active and passive
mechanisms. Some examples of the concepts can be seen
in Fig. 24. The initial goal was to use a passive method to
reduce the actuator quantity; however, the passive
mechanisms tended to fall into one-way mechanisms that
only allowed the device to be used once since it would
work similar to ratcheting mechanisms, which go in only
one direction well. The active mechanisms allowed the
paddle to be expanded or contracted on command. The
PM contracted diameter must be less than 223 mm, the
expanded diameter minimum is 360 mm. The PM
mechanism has these goals due to the volume that it
interacts with; it needs to be able to push along a line over
the geometric center of the OS while it is in the capture
volume, as well as fit through the orientation module.

Figure 22. Active End Effector Concept.
The active version of the EE Stewart platform uses
linearly actuated piston cylinders. The linear motion is
driven by lead screws, which are turned by motors
through a planetary stage and spur pass. This version of
the EE allows for precise control of the assembly
processes that would be controlled with force feedback
from an FTS in the loop. This design requires six
additional actuators.

Figure 24. Paddle Mechanism Trade Tree.
Based on a notional COM architecture as seen in Fig. 3,
the orientation module also requires a conformal cup of a
similar size in order to perform the OS constraint
operation. This cup takes a significant amount of the
volume, which restricts the volume allowed for the PM
elements to roughly a ring shape

4. ROBOTIC SYSTEM IMPLEMENTATION
Design Overview
The kinematic architecture of the transfer mechanism
takes on the shape of a Prismatic, Rotary, Rotary (PRR)
arm. The configuration and components of this concept
can be seen in Fig. 25. The prismatic joint is what
performs the linear travel required by the system level
architecture and subsystems. This prismatic joint is the
Linear Transfer Mechanism (LTM), which is driven by a
rack and pinion. The LTM carriage is supported on VGroove Guides. The first rotary stage, referred to as the
Caging Actuator (CA) performs the time dependent
function of caging the OS during the capture event (~2
seconds).

Figure 23. Passive End Effector Concept.
The passive version of the EE Stewart platform uses
sprung piston cylinders to provide compliance, external
features, and PCV geometry to assist in alignment. The
stroke of the cylinders is limited by a ball and cone

The caging operation would have to be commanded and
performed autonomously. The second rotary stage and
8

final active DOF of the manipulator, referred to as the
Turret Actuator (TA), performs the EE deployment. After
the OS is oriented, the TM must switch from the Paddle
Mechanism (used to transfer the OS) to the EE (which
contains the PCV Lid, Stewart Platform, and Force
Torque Sensor). There is an additional actuator for the
Paddle Mechanism (PM) that is used to drive the
expansion and contraction of the PM. All the active DOFs
use the same flight heritage motor. This design decision
weighed the goal of minimizing the V&V program, cost,
schedule, and flight software implementation against
creating optimized motors for each application. For this
concept, the former reasons took priority.

where these frames could be located is depicted in Fig. 27.

Figure 27. End Effector Frames.
Linear Transfer Mechanism
The key deciding metrics for this selection were the mass,
the number of actuators, load capability (all had to meet
goals, but some offered “free” additional margin or
capability due to the launch load requirements). In
exploring these options, rough designs and mass estimates
were generated for each option, and these masses could
then be compared. The rack and pinion design (16 kg
MEV total TM mass) saved 4 kg MEV from its next
lowest mass option (the screw types). The Linear Transfer
Mechanism (LTM) concept seen in Fig. 28 is a rack and
pinion mechanism. The motor drives a planetary stage
that goes through a bevel stage into a harmonic drive. The
total gear ratio is 2430:1. The harmonic drive turns a
pinion, which then drives the carriage along the guides.
The guides are v-groove guides, which are integrated with
the primary structure. Part of the reason for the mass
savings seen in this design is that the drive system, guide
system, and primary structure can all be integrated; this
difference means that unlike the screw type and cable or
band types, there is not a need for bearings that can
support a large cantilever mass. The rack itself adds a very
small amount of mass to the system, but does not require
end support since it is part of the primary structure. The
rack also simplifies the carriage assembly. This system
will be referred to as the “Mono-Body Drive, Guide, and
Structure” (MBDGS). There is an opportunity for further
mass savings by changing the MBDGS material to a casehardened aluminum. The LTM could have limit switches
at the ends of travel for end-stop calibration.

Figure 25. Transfer Mechanism Concept Layout.
Frames
In order to define the TM mechanism kinematically,
frames must be defined. These frames are mostly defined
at joints or interfaces of elements of the TM although
some are intermediate points for the linear stage. An
example of where these frames could be located is
depicted in Fig. 26.

Figure 26. Transfer Mechanism Frames.
The EE has its own set of frames, an example of which
can be seen in Fig. 27. The frames will be developed
further as the system matures. The definition of these
frames is necessary for determining the accuracy of the
TM when the kinematic model is created. An example of
9

Currently there are no force, torque, or time requirements
for the PM.

Figure 30. Paddle Mechanism Concept Layout.
End Effector
The End Effector (EE) mechanism concept seen in Fig. 31
is an underslung, passive, Stewart platform that uses six
sprung piston cylinders that have universal joints at each
end. The passive configuration was chosen due to the
volume, mass, and actuator count seen in the active
Stewart platform configuration. To understand the motion
seen here, the pink portions are rigidly fixed and the light
blue portion is the part of the platform that complies. The
sprung piston cylinders use wave springs rather than
traditional helical springs due to the high stiffness for a
short stroke. As the PCV Lid is preloaded, the piston
cylinders expand, putting the springs under compression.
This extension will continue until the target preload is
reached and the contact ball and cup bottom out on each
other. This concept is the result of the need to have the EE
be compliant during the alignment and assembly
processes, and rigid during the sealing operation.
Integrated within the assembly and mounted directly to
the PCV Lid is a Force-Torque Sensor (FTS). This sensor
would allow for force feedback during the assembly
operations that could be critical to the control of the TM
and for verification of loads.

Figure 28. Linear Transfer Mechanism Concept.
Caging and Turret Actuators
The Caging Actuator (CA) and Turret Actuator (TA) take
on the same general architecture with the key difference
being the planetary gearing stages. For the CA has an
overall gear ratio of approximately 320:1 whereas the TA
has an overall ratio of approximately 560:1. The actuators
have a layout similar to the one shown in Fig. 29. The
actuators have hard stops at the ends of travel along with
mounts for the flex assemblies. The output is also used as
the flex assembly’s mandrel.

Figure 29. Caging and Turret Actuator Concept
Layout.
Paddle Mechanism
The Paddle Mechanism (PM) concept seen in Fig. 30
utilizes a large diameter ring gear with twelve planet gears
each attached to a finger. When one of the planet gears is
driven, the ring gear rotates causing the other planet gears
to rotate simultaneously. The ring gear is supported on
three rolling elements that are mounted on flexures. This
method was selected over a thin section bearing due to
CTE concerns about the thermal mismatch between the
ring gear and the aluminum structure. The paddle can
expand up to an effective diameter of 390 mm and can
contract to less than 223 mm. This exceeds the goals set
for the mechanism. The design also includes the
conformal cup geometry desired by the Orientation
Module. In order to fit the PM on the TM, a bevel stage
was needed to rotate the motor and planetary gear stage.

Figure 31. End Effector Concept Layout.
A kinematic model of the EE was created to analytically
characterize the behavior of the EE. The inverse
kinematics for the model were derived from the solver and
compared with the CAD model to verify the link lengths
and angles. A stiffness matrix was derived using the
length of the links and angles, along with a standard
spring constant for each element. An example of
kinematic model’s graphical output can be seen in Fig. 32.
The stiffness matrix is used to describe the end effector’s
10

combined stiffness since it is the sum of six spring
pistons. The compliance matrix can then be calculated by
taking the inverse of the stiffness matrix. The compliance
matrix will derive the translation and angular pose of the
end effector for a given force and torque input.

watch. An example of this can be seen in Fig. 34. There
would likely be multiple layers of flex cable rather than
the single strip shown, but the quantity of belts and their
thickness will only be determined once a full count of the
number of required traces is generated.

Figure 32. Kinematic Model Graphical Output.
PCV Lid Retention Mechanism Concept
The final operation that the TM must perform is to
provide the preload needed to react the dual lid separation
springs. Since this is a reaction load, it may also be
handled through static methods, which would mean that
the TM would not need to actively supply this preload. An
example of a design like this would be the one shown in
Fig. 33 where the PCV Lid that has torsionally sprung
camming features is allowed to pass a retaining lip on the
base. Some “to be determined” preload would be needed
to get the torsional springs and cams to deflect and reach
the aligned position. The cams shown are a logarithmic
spiral revolved circularly. This was done so that the yaw
or “clocking” of the PCV Lid with respect to the PCV
base would not matter. Once this mechanism is in place, it
would take a significant amount of force (much larger
than the spring separation force) to push or pull the PCV
Lid free of the seated position.

Figure 34. Flex Assembly Concept Layout.
Transfer Mechanism System Diagrams
The block diagram in Fig. 35 shows the mechanical,
signal, data, and power connections that the TM has
within itself and its contact with outside systems and
elements. The legend for this diagram can be seen to the
right of the figure. The dashed boxes inside TM box are
elements produced by outside systems that are either
temporarily or permanently attached to the TM. The
elements outside the TM box are elements that interact
mechanically with the TM or through the avionics and
power system. The elements within the TM box (aside
from the dashed boxes) are the elements of the TM
concept shown above in Fig. 25. The Flex Assembly has
avionics and power lines pass through it to indicate its job
of transporting them (through flex cable), but that it is not
an active system itself. This block diagram was used to
track the data and power products needed for the TM
during its operations so that a power and data profile
could be generated.

Figure 33. PCV Lid Cam Retention Concept.
Flex Assembly
The Flex Assembly (FA) uses an architecture that is seen
elsewhere in mobility and robotic systems. Flex cable,
rather than round wire, is shown, but round wire is also an
option. The harness over the linear stage is currently
shown being managed through a running loop; however,
other methods are being investigated. The flex cable is
being managed over the rotary DOFs through twist
capsules. Twist capsules are similar to spools that are
covered. There is a fixed end and a free end, and when
they are rotated with respect to one another, the flex coils
or uncoils around the mandrel within the capsule. It looks
similar to a constant force clock spring in an analog

A decomposition of the TM concept was also generated to
assist in tracking the components for the mass equipment
list (MEL). The diagram for the design shown in Fig. 36
but does not include all of the components so that it would
be visible in the diagram.
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Figure 35. Transfer Mechanism Concept Block Diagram

Figure 36. Transfer Mechanism Concept
Decomposition.
Sensing
In order to perform the functions for which the TM is
designed, and to verify the design and performance,
sensors will need to be integrated into the TM. For load
sensing and verification during the PCV assembly
processes, there would need to be a load cell or a force
torque sensor (FTS). Limit switches would be used for
end stop calibration. The Caging Actuator and the Turret
Actuator would have encoders, resolvers, and end stop
limit switches for calibration. It is also possible that the
engineering cameras already used in the Capture Volume
could be used along with fiducials to check the alignment
between the OS and PCV Lid. The Linear Transfer
Mechanism would have an encoder and possibly an output
resolver for control of the position. There is also a
possibility to add a load-limiting switch to the paddle
mechanism to ensure that the OS is not preloaded during
the funneling operation. The locations of the sensors can
be seen in Fig. 37.

Figure 37. Sensing Concept Layout.
Topology Optimization
In order to better control the stiffness of the TM, some
effort was placed in exploring methods for maximizing
stiffness in elements not meant to provide compliance.
One such method is topology optimization, which is a
software that utilizes user inputs to create an optimized
part. In the case shown in Fig. 38, there is a desire to
make the forearm link of the TM stiff and lightweight. In
the software used, the user inputs the forces applied and
their locations, the fixed or constrained elements, the
target mass, a deflection constraint, and the design space.
The interface and methodology are very similar to a
12

traditional finite element modeler with the key difference
being that the software iterates the design and does not
simply analyze it. It starts with the simplified model and
the allowable design space and slowly “chips” away at the
finite elements that are not contributing significantly to
the stiffness. It performs this loop until an optimized part
is generated. If set to optimize for stiffness, it will use all
the available mass in the target mass and attempt to
exceed the target stiffness. The model it produces has a
rather rough surface texture to it and a geometry that will
likely only be manufacturable via additive means;
however, in this case time was spent in creating a version
in CAD software that mimics the geometry through planar
projections so that the part could also be subractively
manufactured through traditional methods. The next step
after this is to perform a finite element analysis on the
drawn part to check how it compares against the
optimized part and subtract mass where possible. A
pictorial example of the topology optimization process
described here can be seen in Fig. 38.
The topology optimization process can offer significant
mass reduction and improvement in performance, as well
as a reduction in design time. Further analysis and design
of the MBDGS system and other structural elements may
utilize this process in order to keep the system mass low
while still meeting or surpassing the performance goals.

Figure 38. Topology Optimization Process.
Concept of Operations
The TM’s Caging Actuator (CA) operates in concert with
the Capture Mechanism and Capture Sensors. The sensors
register that the OS is within the desired volume and then
the CA rotates the turret over the center of the Capture
Volume bore. The OS is then allowed to come to rest
before the Paddle Mechanism (PM) expands to its full
size. The TM transfers the OS to the funnel. Then the
paddle contracts before pushing the OS into the
Orientation Module (OM) and, along with the OM,
constrains it. The TM then retracts to the top and the CA
rotates to move the turret clear of the bore to allow for
visual inspection of the OS for orientation. This portion of
the CONOPs can be seen in Fig. 39.

Figure 39. Notional Transfer Mechanism Concept of
Operations (1 of 3).
After the OS is oriented, the CA rotates the turret over the
center of the Capture Volume bore again. The TM
translates to the top of the funnel section and then the
Turret Actuator (TA) rotates so that the End Effector is
facing towards the OS. The TM then translates the PCV
13

Lid to the OS. The PCV Lid is then partially latched onto
the OS. While the PCV Lid is partially latched to the OS,
the OM releases the OS. The PCV Lid is then fully
latched to the OS, which is supported by the Registration
Mechanism (RM). The TM then transfers the OS-PCV
Lid assembly to the center of the Capture Volume for OS
inspection. This part of the CONOPs can be seen in Fig.
40.

Figure 40. Notional Transfer Mechanism Concept of
Operations (2 of 3).
The Registration Mechanism is then moved clear of the
bore, and the TM translates the OS-PCV Lid towards the
PCV Base. The TM then inserts the OS into the PCV
Base. Then the PCV Lid and PCV Base are mated.
Finally, the PCV Lid and PCV Base are preloaded against
each other in preparation for the spring separation load for
the duration of the sealing operation. This portion of the
CONOPs can be seen in Fig. 41.

Figure 41. Notional Transfer Mechanism Concept of
Operations (3 of 3).
Robotic Operational Scenario
A robotics system is a system where hardware, software
and sensors (with data) co-exist and harmoniously are
design and grow together. These elements support each
other in the goal of delivering a system able to operate
reliably at the expected performances.
As represented in the diagram of Fig. 42, the Robotics
System Design Document adopted for this task is the
document that captures information related to the software
and algorithms – Functional Design Document, the
parameters related to the hardware – Pointing,
Positioning, Phasing & Coordinate Systems Document,
and the data and their format related to selected sensors –
End-to-End Information System Document.

Figure 42. Robotics System Design Document scheme.
The main output of this document is the Robotics
Operational Scenario. It contains the following elements
see Fig. 43:
• Mission ops
• PEL profile (power, energy)
• Flight System (FS) V&V inputs
• FS goals (proto-requirements)
• Data profile (data volume, data rate)
14

•
•
•

designed and built. This DOF can be seen in Fig. 45 and
Fig. 46. The goal of this testbed is to characterize the error
sources in the DOF and compare it with the analytical
error model. Some additional hardware and software
development is required before the tests can be performed.

Flight System Hardware (FSH) (proto-) control
drawings
Flight Software (FSW) parameters to feed FSW
modules
FSW parameters for robotic analysis

Figure 43. Inputs to the Robotics Operational
Scenario.

5. HALF SCALE PROTOTYPE FUNCTIONAL
VALIDATION
A functional half-scale prototype was built in order to test
if the TM concept architecture can meet the functional
goals of the TM. The half scale prototype used
commercial off-the-shelf (COTS) parts wherever possible,
along with additively manufactured polymer components
for structural elements, links, etc. Due to this prototyping
method, several concessions had to be made. The half
scale LTM was designed with a lead screw and so that a
brake would not need to be used to hold the carriage in
place. Additionally, the Paddle Mechanism (PM) selected
is a passive solution since, at half scale, there is not
enough volume for the active PM shown above. In
addition, electronic cable chain was used rather than a
running loop and simple cable loops were used in favor of
the twist capsules for volumetric and cost reasons. An
image of the half scale model can be seen in Fig. 44. It is
also worth noting that at half scale, the effects of the same
linear dimensional alignment goal had twice the effect.
For example, if the ratios of a system stayed the same, if
you had a clearance for assembly of 1 mm, at half scale,
you have 0.5 mm of clearance.

Figure 45. Full Scale TM DOF.

Figure 46. Full Scale TM DOF.

6. FUTURE WORK
In the future, many areas require further development.
The following are some of the key areas:
• Requirements Development (Environmental, PCV
assembly, interfaces). Due to the architecture of the
TM being driven by the subsystems it interacts with,
a set of fully defined requirements is needed in order
to create a more thorough design.
• Full model (kinematic, deflection, thermal, stiffness,
error sources, and drag). In order for the design to
close on the requirements, there would need to be
models that characterize accuracy, errors, loads, and
stresses.
• Flight software module implementation, avionics
definition, and operations plan. In order to better
model the behavior during the mission, maturing the
avionics and flight software module along with the
hardware is critical.
• V&V program plan. In order to show through test that
the design can meet requirements, the V&V plan
should be developed early since V&V can include
Earth testing margins, additional cycles, etc.
• Unanswered questions such as the dynamics and
oscillation due to the lack of gravity damping in 0G.

Figure 44. Half Scale Prototype.
There was a full scale rotary DOF, architecturally similar
to the Caging Actuator or Turret Actuator, that was
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Future work for the end effector includes a
finalization of the frames, identifying possible error
sources that can contribute to the uncertainty of the
end effector, finalization of stiffness matrix model
and kinematic model, optimization of end effector
design, and full-scale testing.
7. CONCLUSIONS
The Transfer Mechanism concept is a design that aims to
solve a complex and uncertain set of goals and interfaces.
It does this through decoupling joint motion in favor of
allowing the design to adapt to individual changes that
occur within the surrounding systems. The development
of function prototypes as well as analytical models is
critical to successful robotic system design and the earlier
these are made, the sooner the design converges. The
Transfer Mechanism concept functional prototype showed
that the TM could perform the operations. A full-scale
model would be needed to validate the assembly process
in the true to form system. In order to produce a robust
design solution, effort must be spent reducing technical
risk as well as programmatic risk as early on in
development as is possible. Understanding and
developing the requirements is crucial to this effort.
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