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Abstract
Analysis and verification of an International Space Station (ISS) element berthing mechanism is a highly
integrated problem, due to its dependency on other systems like robotic manipulators. Yet the
mechanism is required to be verified stand-alone with the understanding of all the integrated variables.
Failure to do so, can severely constrain the functionality of the mechanism to the point of operational
failure during on-orbit operations. This paper explores some of these variables as they are accounted for
and imbedded in the analysis and simulations that must be performed to declare the mechanism verified
and ready to fly, particularly in the area of contact dynamic simulations. Consideration is specifically given
to Modified Rocketdyne Attachment System (RTAS) mating mechanism coarse and fine alignment
geometry, friction coefficient, mechanism behavior under load during capture operations, and the ability of
the mechanism to achieve “soft” capture. These and other areas yield the variables that are described,
quantified and analyzed in an effort to make sure the mechanism performs without anomalies during the
truss assembly operations. This paper discusses these challenges in an effort to state lessons-learned
that can lead to advancements in the arena of verification of on-orbit assembly mechanisms.
Introduction
The Boeing Company is the largest aerospace company in the world. Since the early 1900s, Boeing has
been building commercial airplanes. It now builds nine commercial jet aircraft product lines that service
airlines and countries throughout the world. The Boeing Company also builds military aircraft and other
defense products. Boeing’s involvement in space dates back to the Apollo Program with achievements
such as the responsibility for integrating the 363-foot-tall Moon-bound Saturn V rocket. On the final three
trips, Apollo astronauts also explored the Moon with the Boeing Lunar Rover. Today, The Boeing
Company builds commercial satellites and commercial launch vehicles. In addition, it is the nation's
largest NASA contractor1.
In 1993, Boeing was chosen to lead the US industry team for the International Space Station. Since then,
Boeing has undertaken the task to develop the processes to design, build, and integrate the largest
space vehicle that has ever been assembled. Multiple pieces of the ISS are brought from Earth to be
assembled in orbit. There will be a total of 43 assembly flights using hardware developed and
manufactured in five different countries. After seven American assembly flights and four Russian flights,
the ISS received a permanent crew on-board. Each assembly flight adds elements weighing
approximately 15,875 kg (35,000 lb). Each of these elements brings critical components of every system
that make the ISS self-sustaining until the next element is brought to be assembled.
To support the micro-gravity research and experiment goals of the ISS, it is composed of pressurized
modules and trusses. Figure 1 shows representative modules and trusses of the ISS.
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Truss Segment

Figure
1. Representative
ISS Pressurized Elements and Trusses.
Pressurized
Module
The pressurized modules provide a habitable environment at Earth-normal atmospheric temperature and
pressure. This environment allows research to be conducted in a shirtsleeve laboratory environment for
the astronauts. The trusses are an open framework structure similar to a bridge truss. The trusses
support the array of systems that are needed to make the ISS a viable orbital vehicle, such as the
electrical power system; the thermal control system; the guidance, navigation, and control system; and
the mobile servicing system.
The US-built elements of the ISS are assembled using berthing mechanisms, the types and uses of
which are given in Table 1.
Table 1. Assembly Mechanism Types and Usage Summary
Assembly Mechanism

Qty

Type

First-time use

Common Berthing
Mechanism
Truss Attachment System
Truss Attachment System

23

Pressurized

16

Final Attachment
Mode
Automated

6
8

Non-pressurized
Non-pressurized

4
8

Automated
EVA Attached

The berthing mechanism used to attach pressurized modules together provides a pressurized path
between the ISS habitable elements and maintains structural integrity between them. Another type of
berthing mechanism is used to join the truss structures that are the backbone of the ISS. These truss
attachment mechanisms provide structural attachment only, since truss segments are not pressurized.
There are 48 first-time uses of berthing mechanisms. The Common Berthing Mechanism (CBM) is used
to berth pressurized US elements and International Partners, except for the Russians. The Russians
provide their own docking mechanisms that serve the same function as the US assembly mechanisms.
The truss attachment systems are used only to join US-built truss elements11.
Each berthing task is accomplished using a robotic manipulator system to maneuver the element from the
US Space Shuttle cargo bay to the assembly location on the ISS. The element is positioned at the final
pre-assembly location with an accuracy of  inches during berthing operations. The final phases of
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assembly are performed automatically by the assembly berthing mechanism or with the help of
astronauts performing manual tasks during Extra-Vehicular Activities (EVA).
The distance between the two mating elements at the final pre-assembly locations will be within 15 to 20
cm (6 to 8 in). At this point, all attachment mechanisms have similar specific functions that support the
berthing operation. One of the functions is alignment and the other is forming secure, structural joints at
the end of the mating phase. The mechanisms are composed of two halves: a passive half and an active
half, each residing on opposite sides of the mating elements. All powered, moving parts that affect the
berthing operation reside in the active half. These parts typically consist of gear-driven capture latches
and bolts. The automated mechanisms are motorized and actuated by means of commands sent through
remotely controlled computers. In the case of EVA-driven mechanisms, astronaut tools drive the capture
latch and bolts7.
At the start of the berthing phase, each attachment mechanism provides the alignment function between
two elements. Alignment guides or cup and cone arrangements that center the modules or trusses with
respect to each other accomplish the alignment function. The alignment phase is performed in parallel
with the capture phase. Mechanical attachment systems perform this operation by computer-controlled
motors or EVA-driven latches. Capture is the most critical phase of operations. The final alignment or fit
of the elements must be such that the active bolts can acquire the passive nuts to join the mating
elements structurally.
During capture, the two elements being assembled interact through the berthing mechanisms and with
the Space Station Remote Manipulator System. (SSRMS). The SSRMS positions the incoming truss
within the prescribed positioning limits of the capture latch. Each mechanism has a capture system that
may be composed of latches, or other devices that hold the two elements until bolts can be operated to
final preload. The SSRMS provides a limited amount of push force due to the nature of its design. This
force is also dependent on the configuration of its robotic joints. For one of the truss attachment
mechanisms on Space Station, the MRTAS, the capture mechanism interaction forces must always stay
below these limits in all conditions for capture to be successful. The interaction of this particular
mechanism and the SSRMS during the alignment and capture phase is the subject of this paper.
Statement of the Problem
The criticality of fit and functionality of the mating ISS elements require assurance that the design
verification methods used are accurate and that the mechanisms behave as analyzed and predicted.
Mathematical models that quantify the forces of interaction between the active and passive mechanisms
use techniques to correlate the predictions to component and system-level ground test data, on-orbit
behavior with regard to friction, dynamic response and interaction with the robotic manipulator. These
models are then incorporated into simulations that take into account the crew interaction with the
manipulator and the environmental conditions during berthing3. Final predictions considering the
integrated manipulator/mechanism the contact dynamic analyses yield quantified assurances that the
mechanism can successfully achieve capture during berthing using the SSRMS.
Purpose of the Study
The purpose of this paper is to provide a brief summary of the initial contact dynamic analyses that
account for the major variables that come into play to define the capture forces of the berthing
mechanism for the P5 Truss, the Modified Rocketdyne Truss Attachment System (MRTAS). Due to the
unique structural geometry in the area of the mating interface, the MRTAS is the one berthing mechanism
on the ISS that does not have a long-reach capture mechanism. Therefore it must rely on the robotic
manipulator to “push” the P5 Truss into the “soft dock” position a couple millimeters away from the final
fully mated position. This of course requires precise guidance of this large truss segment into place by the
SSRMS to avoid high resistive loads or “jamming” of the mechanism prior to achieving soft capture. In
addition, the force that would have been provided by a long-reach mechanism to “seat” the interface,
where it can be bolted, must also be provided by the SSRMS. Hence, it is necessary to accurately define
the engagement and seating forces to assure berthing success.
Hardware Description
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The P5 Truss is structurally attached to two other integrated trusses of the ISS on either side; the P3/P4
and the P6 truss segments. The purpose of the P5 truss is to separate the trusses that contain the solar
power modules and arrays. These trusses produce power from large photovoltaic solar cells. The location
of the P5 Truss on the port side of the ISS is shown in Figure 3.

P5 Short
Spacer
(12A.1)

ITS P1
(11A)
MT/MBS
(9A/11A on)

P6
(Relocated on 13A.1)
ITS P3/P4
(12A)

Figure 3. P5 Truss Location on the ISS
The P5 truss weighs approximately 1225 kg (2700 lb) and is composed of tubular aluminum members.
These members are arranged so that one end is open and the other end provides a square planar
arrangement. The truss can fit in a cubical space that measures approximately 4.6 m (15 ft) a side. The
structure has a set of trunnions that interface with the Space Shuttle and serve the purpose of carrying
the structural launch and emergency landing (if required) loads.
The P5 Truss has three interfaces of interest for this study. These structural and mechanical interfaces
are shown in Figure 4. For clarity purposes, the figure does not show Multi Layer Insulation blankets that
provide thermal protection5 for the truss during on-orbit operations.
On one end, the P5 truss interfaces with the P3/P4 truss segment through the MRTAS berthing
mechanism, the focus of this study. On the other end, it interfaces with the P6 truss segment via another
berthing mechanism, the Rocketdyne Truss Attachment System. Thirdly, the truss also has a Flight
Releasable Grapple Fixture. Unlike other grapple fixtures on the ISS trusses, this grapple fixture is
releasable, and as its name implies, it will be removed from the P5 truss after the berthing operation has
been completed.
The grapple fixture allows the SSRMS to grasp or grapple the P5 truss to first remove it from the cargo
bay, and then to translate it through space to the point of assembly with the ISS. Nominally, the SSRMS
translates payloads in the berthing corridor at speeds between 0.3 to 0.9 cm/sec (0.01 to 0.03 ft/sec).
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Figure 4. P5 Truss with Structural and Mechanical Interfaces
The MRTAS mechanism is composed of two
subsystems. The capture or soft dock
mechanism and the fine alignment bolts and
nuts6. The capture mechanism uses a set of four
slotted stingers called coarse cones that push
aside a set of four spring-loaded pins that
subsequently lock into the slots in the stingers.
The coarse cones also serve the function of
coarse alignment during the initial phase of
capture. The coarse cones can be discerned in
Figure 5.

P5 Soft
Docking
Capture
Mechanism

Once all the coarse cones and all the springloaded pins have engaged, the P5 truss is
considered to be “soft-docked” to the P3/P4
truss. During the berthing operation, the SSRMS
positions the P5 in the trajectory for these
stingers to acquire the circular housing on the
P3/P4 side of the interface that houses the
spring-loaded pins. As the stingers slide into the
housing, and seek to push the spring-loaded
pins, capture resistive forces arise. These forces
are due to friction and due to the load in the pin
springs.

Figure 5. MRTAS Soft Dock Capture
Mechanism

During the capture phase, there is an embedded function. At the same time the coarse cones are
attempting to engage the soft dock pins, a fine alignment function is taking place through the fine
alignment mechanisms on the bolt side and the nut side. Details of this mechanism are shown in Figure
6. Since perfect alignment of these two interfaces cannot be guaranteed, due to SSRMS or operator
errors, these features must serve to align the bolt and nuts on the trusses for them to be successfully
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bolted together. For successful alignment to take place, a feature called shear cylinder, which surrounds
the primary bolt, must acquire the floating primary nut. Once the shear cylinders are fully seated into the
floating nut primary cavity, the trusses are now ready to bolt.
The MRTAS P3/P4 side of the truss also has four distinct corners. One corner is fixed; that is to say, the
primary nut is not allowed any movement. The other three corners have “floating” primary nuts; where
each is allowed to slide in a particular direction. Of these three corners, one corner has one degree of
freedom in the direction of ISS X-axis. The other two corners have two degrees of freedom, in the X and
Z-axes of ISS coordinate system. These degree-of-freedom allocations not only assure proper
engagement of the fine alignment features during the capture and fine alignment process, but also assure
the structure will carry the on-orbit loads appropriately following bolt up.
Shear Cylinder
Floating Primary Nut

Floating Contingency Nut

Primary Bolt
Soft Dock Spring
Loaded Pin

Contingency Bolt

P5

P4

Coarse Cone
Hole

Contingency Spacer
Coarse Cone

Pin & Cone Slot gap

Figure 6. MRTAS Details of the Capture Mechanisms and Fine Alignment Sub-System
The fine alignment features also contribute to the overall allocation of the forces that must be accounted
for. Several surfaces contribute to the capture and soft dock forces via friction. These must be accounted
for accurately to compare the total sum to the SSRMS capability. Should this exceed the push force
capability of the SSRMS, the mating could stall prior to capture complete. The contact dynamic simulation
first, will consider the mechanism as-designed with tolerances. Later on, as field measurements are
taken, these will allow considering the as-built condition of the trusses. In addition, as ISS on-orbit
integrated thermal analysis is completed, thermal deflections also will be considered to represent the
hardware interacting as close as possible to the on-orbit environment.
Methodology
The contact dynamic model of the MRTAS was built using MSC/ADAMS multi-body dynamics tool. The
elements that come into contact during the berthing operation - capture pin to coarse alignment cone,
coarse alignment cone to housing, and fine alignment nut to shear cylinder – are modeled in detail based
on the final design drawings (Figure 7). While such detail is required for accurate results, complex
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geometry can lead to long simulation times. The time required to retrieve contact intersection information
from the geometric modeler is directly related to the complexity of the given geometry. Rather than
importing the geometry from CAD models, they were built up from primitives such as cylinders, spheres,
boxes and frustums. These shapes branch into much faster calculation algorithms in ADAMS.
Capture
Pin

Alignment Cone (P5)

Housing (P4)

Fine Alignment
Nut (P4)

Shear Cylinder (P5)

Figure 7. MRTAS Contact Features
The MRTAS model includes two tight dock and two easy dock corners (Figure 8) which are essentially
identical except for one major difference; the easy dock coarse alignment cones are longer and extend
farther out from the interface plane than the corresponding tight dock cones. During a “perfectly aligned”
berthing event, the easy dock cones will pass through the corresponding coarse guide receptacles in the
housing first, and engage the capture pins. The capture pins are spring mounted on the housing with a
stiffness coefficient of 4.4 N/cm (2.5 lb/in) and pre-load of 0.75 kg (1.65 lb). The fine alignment nut is
connected to the housing by a spherical joint and is free to swivel in all directions. Mechanical stops that
restrict the rotation to ±0.5 degree are modeled using the ADAMS bi-stop function. The shear cylinder
that mates with the fine nut is fixed to the coarse alignment cone with the correct geometric offset. This
modular construction allows easy modification of the model to account for “as-built” and thermal effects in
future analyses.
The four corners of the MRTAS model are connected to the SSRMS grapple fixture location fixture by a
NFORCE element representing the flexibility of the P5 truss. This element is formed from a 24 x 24
stiffness matrix that was generated from a test verified finite element model of the P5 truss2. The mass of
the truss is lumped at its center of gravity (CG) location. A bushing element was introduced at the grapple
fixture location to represent the SSRMS flexibility. Stiffness values were obtained from an ADAMS model
of the SSRMS2 configured in the P5 truss ready-to-berth position.
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Corner 3 (& 2): Easy dock

P5
Mass lumped at cg
Grapple Fixture
Corner 1 (& 4): Tight dock

Figure 8. MRTAS Soft Docking features
For contact model geometry verification, the ADAMS MRTAS model geometry was output to another
format readable by the Unigraphics CAD programs. The CAD analysis team imported the ADAMS
geometry into Unigraphics and compared the geometry of the course and fine alignment features, as well
as the soft-dock mechanisms, to the validated as-designed CAD model geometry for both the P4 and P5
truss elements. This comparison verified that the ADAMS model geometry was essentially identical to
that of the CAD models, which were built from the final design drawings.
This provided confidence in the initial ADAMS study results, which primarily dealt with the forces required
to achieve “soft-dock” condition when the P5 element is mated to P4. Again, current plans call for the P5
element to be mated robotically to P4 with the SSRMS which will push P5 into P4 until the four soft-dock
mechanism pins on P4 engage corresponding slots on P5. The SSRMS has limited push force capability,
depending on the arm geometry for a given operation, so analysis is required to verify the robot can
successfully mate the element, even with less than the expected perfect alignment between the initial
aligning features on either side of the interface.
Once the ADAMS model geometry was verified, we could proceed to berthing simulation correlation with
the NASA engineering team. They had generated their own multi-body dynamic MRTAS simulation in the
JSC-common simulation environment, TRICK. This model was planned to be used in the real-time robotic
simulation training facility used by the astronauts for crew training. In that facility they incorporate these
contact models of the Space Station elements to be berthed with the latest real-time simulations of the
SSRMS, controlled by flight-like robotic control consoles, running the actual flight control software. In
these simulations the crew can practice piloting the P5 into the soft-dock condition with P4 using the
SSRMS, and can view the operation through graphics simulating the camera views they would have onorbit. Therefore this planned correlation considering the critical MRTAS berthing contact geometry,
interface stiffness, and sliding friction coefficients between the NASA simulation and the Boeing “truth”
model in ADAMS was essential.
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Results
Analysis Results
Four berthing cases are selected for ADAMS and TRICK simulation correlation to verify the adequacy of
the TRICK simulation for real-time studies by NASA JSC engineers to later on be used in simulations with
crew performing the berthing operation in command of the SSRMS. The cases presented are time
histories of the P5 berthing operation in the ADAMS contact dynamic simulation realm and exercised the
various coarse and fine alignment features leading to a successful soft dock configuration with all four
soft dock pins engaged. A description of each case follows.
Case 1 Results
The P5 element is flown in with an initial velocity of 3 cm/sec (1.2 inch/sec) with no misalignments. For
this simulation, the SSRMS spring is disabled and the truss is constrained to move in ISS y-direction
(closing direction). Friction effects are not modeled. The effects of varying the contact force parameters of
the contact model were studied using the following relationships:
F=K* δexp from their baseline values
K= 1.0E5 lb/in
exp=2.1
Figure 9 (Case1a) shows the forces in the spring-loaded capture pin as it engages the alignment cone.
Initial contact occurs at the easy-dock corners (2&3). As the berthing operation proceeds and the capture
pins are pushed up, the pin-cone z-contact force balances force in the capture-pin springs. After capture
is completed and the pins have clicked in their respective slots, the spring forces return to the 7.3-N
(1.65-lb) preload level.

Figure 9. Berthing Case 1a: Forces In The Spring-Loaded Capture Pin
Figure 10 (case1b, 1c) shows the y-component of the pin-cone contact forces. Since there is no friction,
the y-component of the pin-cone contact is zero as the pin rides along the cylindrical portion of the
alignment cone. After capture pins click in, P5 rebounds as the shear cylinder hits the fine alignment nut,
and additional impacts occur between pin and cone as it is trapped inside the slot.
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Figure 10. Berthing Case 1b,1c: Y-Component Of The Pin-Cone Contact Forces
Figure 11 shows the effect of changing the contact parameter exponent from 2.1 to 1.5. The result is to
stiffen the spring and increase the peak load (green curve). This is the global view of the event. The
circled portion of Figure 11 is shown on different scale in Figure 10.

Figure 11. Berthing Case 1c: Y-Component Of The Pin-Cone Contact Forces
Figure 12 (case1d) shows the y-component of the fine alignment nut-shear cylinder contact. Impact at
corners 1and 2 are higher than 3 and 4 due to their proximity to the grapple fixture location.
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Figure 12. Berthing Case 1d: Y-Component Of The Fine Alignment Nut-Shear Cylinder Contact
Case 2 Results
Case 2 of the analysis performed is identical to Case 1 except that friction effects (coefficient of
friction=0.1) are now included at all contacting surfaces and joints. The initial velocity had to be increased
to 3.8 cm/sec (1.5 in/sec) to accomplish capture and Figure 13 (case 2a) shows the capture-pin spring
forces.

Figure 13. Berthing Case 2a: Capture Spring Forces
The effect of friction can be seen in Figure 14 (case 2b). The pin-cone contact force has a non-zero ycomponent as the pin rides along the cylindrical portion of the alignment cone.
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Figure 14. Berthing Case 2b: Capture Spring Forces with Friction Effects
Figure 15 shows that after the capture-pins have clicked in, multiple pin-cone impacts occur as the pin
rattles in the slot. The impacts occur at the tight-dock corners 1 and 4 (Fig case 2c).

Figure 15. Berthing Case 2c: Impacts Inside Cone Alignment Feature
Figure 16 for the berthing Case 2d shows the y-component of the fine alignment nut-shear cylinder
contact forces. Impact at corners 1and 2 are higher than 3 and 4 due to their proximity to the grapple
fixture location.
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Figure 16. Y-Component Of The Fine Alignment Nut-Shear Cylinder Contact Forces
Case 3 Results
Case 3 includes the SSRMS attached at the grapple location on P5 as a spring to better represent the
behavior of the berthing system. Friction effects are not included. The base of the SSRMS is constrained
to move in ISS Y direction with a constant velocity of 3 cm/sec (1.2 in/sec). The sprung P5 is not
constrained, so its velocity deviates from the enforced value at the SSRMS base during the capture
operation. This is shown in Figure 17, case3a. The spring forces show the capture pins click in and then
return to the preload value of 7.3 N (1.65 lb).

Figure 17. Berthing Case 3a: Soft Dock Spring Forces with SSRMS as a Spring
Figure 18, case 3b shows that the SSRMS spring forces (in x and z directions) and moments are
balanced by the constraint forces in the base translation joint, where motion is enforced.
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Figure 18. Berthing Case 3b: Soft Dock Spring Forces with SSRMS as a Spring
The SSRMS spring y-forces during the capture operation are shown in Figure 19, case3c. This is a
measure of the push force required for berthing and its maximum of 23 N (5.2 lb) for this case is less than
the SSRMS capability of approximately 151 N (34 lb).

Figure 19. Berthing Case 3c: SSRMS Spring Y Forces During The Capture
The effect of adding friction is seen in Figure 20, case3d. The maximum SSRMS spring y force during
capture has increased to 30.7 N (6.9 lb).
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Figure 20. Berthing Case 3d: SSRMS Spring Y Force During Capture with Friction
Case 4 Results
This analysis case is similar to Case 3 except for a small misalignment in the initial berthing configuration.
The P5 element is offset in +z direction by 6.3 mm (0.25 in). It is shown in Figure 21, case 4a, that this
causes a relative shift in the initial contact time of the capture pins to coarse cone. Spring forces at
corners 1 and 3 are smaller due to the offset. Once capture pins have clicked in, spring forces return to
their preload value of 7.3 N (1.65 lb).

Figure 21. Berthing Case 4a: Contact Time Of The Capture Pins To Coarse Cone
Figure 22, case 4b, shows the SSRMS spring force Y force during capture operation. As in case 3, these
forces increase when friction effects are included.
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Figure 22. Berthing Case 4b: SSRMS spring force Y force during capture operation
Figure 23, case 4c, shows the shear cylinder to fine nut contact force. Corners 1 and 2 have higher peaks
due to the proximity of grapple fixture. As the enforced motion continues to drive the SSRMS forward, the
SSRMS spring forces are essentially reacted at corners 1 & 2.

Figure 23. Berthing Case 4c: Shear Cylinder To Fine Nut Contact Force
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Discussion Of Results
The analysis performed for the Cases 1 through 4 served the purpose to understand the sensitivities of
the contact dynamic model to friction, SSRMS interaction and misalignments. The initial ADAMS
simulation appears to indicate that the forces to “soft dock” do not exceed the SSRMS force capability.
These results were also compared to the NASA simulation and they appear to be consistent for
correlation purposes. This was one of the principal objectives of the analyses. It is also noted that the
ADAMS simulation will be further modified and utilized to refine the set of analyses that will provide the
final verification the MRTAS mechanism.
The modified ADAMS simulation will include all the contact surfaces that contribute to the total “soft dock”
and seating force as well as the different degrees of freedom the MRTAS mechanism possesses at each
of the corners. These steps are necessary to refine the knowledge that the alignment and soft-docking
forces are within the SSRMS capability. More detailed contact surfaces may add to the total the current
analysis has yielded. It is foreseen that the total force, once a detailed model has been constructed, will
be higher.
The ADAMS simulation will also include a more detailed geometric model, since field measurements of
the flight hardware will have been validated and available to be incorporated to the model. In addition,
deflections due to the on-obit thermal environment will also be incorporated. At each phase the results
will be assessed and compared to the previous set of analyses, to achieve the goal of quantifying the
total force to “soft dock” and seat the interface. These results will be also correlated, as previously stated
with NASA’s models.
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