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Presenter Notes
Presentation Notes
Hi, my name is Matt Williams and I work in the Advanced Mechanical Design Group at Sandia National Laboratories.  Today I am going to talk to you about multi-objective optimization of a mechanism we call a “stronglink” using capabilities in Siemens Simcenter 3D.  First, I’m going to introduce you to the idea of the stronglink.  Next, I’m going to talk about our specific design challenge problem and the modeling/optimization implementation.  I’ll talk about the positive outcomes for some development hardware builds, and then I’ll wrap up with some observations about future work.



Enhanced Nuclear Detonation Safety (ENDS) & Stronglinks
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Stronglinks are engineered devices that are central to the ENDS philosophy and the 
principles of isolation, incompatibility, and inoperability.

Presenter Notes
Presentation Notes
Enhanced Nuclear Detonation Safety (ENDS) is a philosophy that has been applied to nuclear weapon design since the 1970’s.  In this philosophy, the detonation critical components are isolated from all compatible energy via an exclusion barrier.  A stronglink is an engineered device that serves as a gateway, isolating energy from detonation critical components until it receives a unique enabling stimuli (“unique signal”) that is incompatible with stimuli resulting from other sources. Isolation must be maintained in abnormal environments until detonation critical components are rendered irreversibly inoperable. Weaklinks are engineered to fail repeatably before failure of the stronglink and render the system inoperable via first-principles physics.

My group at Sandia National Laboratories is concerned with the design of stronglinks, which are mechanical devices.

Diagram adapted from UUR reference: Building the Bombs – A History of the Nuclear Weapons Complex by Charles R. Loeber, 2nd Ed.
Concepts available also in UUR reference: The Enhanced Nuclear Detonation Safety Theme – An Introduction by Raymond B. Wolfgang, SAND2012-0793C (https://www.osti.gov/servlets/purl/1090221)



Unique Signal Stronglink Overview
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Unique Signal Stronglink Overview
o Mechanical device with mechanical discrimination of an electrical 

signal
o Consists of 4 elements
o Actuators
o Discriminator
o Energy shutter
o Status monitor(s)

Cannot share a stronglink design in this presentation, but…
… actuator & discriminator behavior is typically similar to a 
ratchet mechanism
Sounds simple, BUT …
o Geometry is miniature, complex, and highly constrained
o Must operate in a range of environments (acceleration, vibe, 

temperature, etc.)
o Stringent reliability and safety requirements (“always/never”)

Therefore, we seek to profoundly understand and to 
maximize performance in development

Unique Signal
Stronglink

Representative Ratchet Mechanism
(not a stronglink & no discrimination)

Actuator
Torque

Spring
Torque

Ratchet 
Wheel 
Motion

Note: Mechanism pictured is for illustrative purposes only and was not the focus of this work

Presenter Notes
Presentation Notes
Unique signal stronglinks are mechanical devices that mechanically discriminate the unique signal.  If the unique signal is correct, then the stronglink is enabled and energy may pass; if incorrect, the stronglink is rendered inoperable.  Stronglinks are composed of 4 main elements:
-Actuators that perform actions in response to the unique signal
-A discriminator that accepts only the unique signal
-An energy shutter that is enabled following receipt of the entire unique signal
-Status monitors

Unfortunately, I cannot share a stronglink design in this presentation, but I can say that actuator and discriminator behavior is typically similar to a ratchet mechanism, where the ratchet motion can only occur with a correct unique signal.  Here I’m showing an example ratchet mechanism with familiar elements – a ratchet wheel, a drive actuator/pawl, a hold pawl, springs, etc.  This may seem simple, but this is only an example. Real stronglinks have miniature geometry and complex features in a highly-constrained package.  They must operate in a range of environments (acceleration, vibe, temperature, etc.).  They also have incredibly stringent reliability and safety requirements – they must always allow energy to pass following receipt of a unique signal, and they must never allow it to pass otherwise.

Therefore, we invest considerable energy in profoundly understanding these high-consequence products and maximizing performance in development.

UUR references:
The History of Nuclear Weapon Safety Devices by David W. Plummer and William H. Greenwood (https://www.osti.gov/biblio/671923)



Multi-Objective Design Optimization with SC3D Motion

A core design challenge for stronglinks is 
balancing margins:
o Actuator torque >> spring torque
o Spring torque >> mechanism torque 

Balancing margins has traditionally been 
time-consuming and iterative
New approach: Multi-objective design 
optimization/exploration using…
o Simcenter 3D Motion
o Simcenter 3D Design Exploration (HEEDS)

Desired outcomes:
o Simplify and accelerate the design process
o Improve margins from one hardware build to 

the next (e.g., Dev 1 to Dev 2)
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Energize Drive

Note: Mechanism pictured is for illustrative purposes only and was not the focus of this work

Presenter Notes
Presentation Notes
A core challenge in stronglink design is balancing margins in the ratcheting sequence.  The actuator torque must be greater than the spring torque (as well as any friction or other forces) so that the actuator can cock the drive pawl, but the spring torque must be sufficient to advance the ratchet wheel. Increasing both margins simultaneously is generally in conflict. In the video (play), this energize and then drive sequence can be observed, although the springs are not visible.

Balancing margins has traditionally been time consuming and iterative.  It involves many manual iterations between custom actuator design, custom spring designs, and the overall mechanism design.  It is very difficult for an engineer to achieve optimal balance of margins, ensuring no performance is left on the table.  Recently, a new approach to this process was demonstrated at Sandia National Labs utilizing Simcenter 3D motion together with Simcenter 3D Design Exploration, also known as HEEDS.  The desired outcomes of this effort were to simplify and accelerate the design process while improving margins from one build of a particular mechanisms to the next.  I’ll use the language “Dev 1” and “Dev 2” to reference the sequence of hardware builds throughout the presentation.






Optimization via Dual Simulations & Metrics

Drive Simulation Energize Simulation
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Note: Mechanism pictured is for illustrative purposes only and was not the focus of this work

Presenter Notes
Presentation Notes
First, the dual objective functions had to be formulated.  There was some experimentation leading into the selection of these functions, which I won’t have time to cover here.

First, we define a simulation of the spring-driven motion of the ratchet wheel.  In this simulation, the initial condition for the drive actuator is cocked (spring extended).  The ratchet wheel is moved quasistatically via a position driver through one index, and the torque delivered from the drive pawl to the pattern wheel is effectively recorded from the driver reaction force.  In this simulation, we chose to integrate the torque delivered with respect to time, which is proportional in this case to the work done on the ratchet wheel.  Therefore, we seek to maximize the work done on the pattern wheel.

For the energize step in which the actuator would be acting against the spring, we define a simulation in which the drive components are moved quasistatically via a position driver through their entire motion (from rest stop to energize stop).  The torque required to perform this energize motion is measured, and is subtracted from the known torque that the actuator can deliver.   We sought to maximize the minimum value of this torque difference over the actuator motion.  The minimum value tended to occur early in the energize motion when a good start is needed.



Design Variables and Constraints
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Design variables: spring properties
o Force at max extension
o Stiffness
o Connection locations

Constraints: evolved with experience
o Achievable spring properties established 

from spring design software
o Constraints on spring connection locations 

per physical space and engineering 
judgement

Note: Mechanism pictured is for illustrative purposes only and was not the focus of this work

Presenter Notes
Presentation Notes
The design variables in the analysis were primarily related to the springs.  First, there are the spring properties, and in this case we used force at max extension and stiffness as the independent spring characteristics in the Simcenter 3D Motion analysis.  The other key variables are the spring connection locations.

Effective definition and implementation of constraints did evolve with experience.  We ultimately settled on using a spring design software to figure out the limits of the two spring properties we thought were achievable, so the physical spring design was not actually in the loop.  Constraints on spring connection locations were determined based on available space and engineering judgement.  There are various ways to implement the spring connection in Simcenter 3D Motion; for example, the connection point could be constrained to fall within a circle from some reference point, or perhaps along a line.  We used different approaches for different spring connections.



Goal: Balance margins while maximizing performance

Simcenter 3D Motion & Design Space Exploration (HEEDS)
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Simcenter 3D Motion

Analysis Case 1: Drive

Analysis Case 2: Energize

Simcenter 3D DSE (HEEDS)

Maximize 𝑀𝑀1 & 𝑀𝑀2

Wrt: Design variables

Subject to: Constraints

𝑚𝑚1 = �𝑇𝑇𝑊𝑊(𝑡𝑡)𝑑𝑑𝑑𝑑 𝑀𝑀1 = max𝑚𝑚1

𝑚𝑚2 = 𝑇𝑇𝐴𝐴(𝑡𝑡) − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)

𝑀𝑀2 = min𝑚𝑚2

2 Simulations per Point Design

Drive “work” metric

Energize torque difference

Simcenter 3D Design Space Exploration linked to Motion enables 
intelligent exploration of designs with relatively high fidelity.

Presenter Notes
Presentation Notes
Here you’ll see the implementation between Simcenter 3D Motion and Simcenter 3D Design Space Exploration (HEEDS).  First, in Motion we defined two independent analysis cases within the same model.  These analysis cases were configured to output quantities for use as objective functions and constraints.  DSE was configured to simultaneously maximize the two objective functions output from the model via replacing the design variables in the model subject to constraints.  When the DSE optimization study is run, Motion therefore has to execute 2 simulations per point design.  Simulation time was very important; each simulation ran in only a few seconds and multiple simulations could be parallelized.



Optimization Results
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Drive Torque Work Improvement, Dev 1 to Dev 2 [%]

Minimum 
Energize 
Margin 

Improvement, 
Dev 1 to Dev 2 

[%]

Engineering judgement was that these designs are 
in the “sweet spot” (improve drive margin by trading 
some energize margin but not too much)

Interior
(Sub-optimal 
Designs)

Legend: □ All Designs □ Optimizer-Preferred Designs

Dev 1 w/ new 
actuator only

We picked this one
~37% higher drive torque work than Dev 1
~194% higher energize torque margin than Dev1

Optimization-based approach allows for rapid identification of 
high-performing designs, giving design engineers options.

Presenter Notes
Presentation Notes
Here you see the optimization output from the final DSE study.  The plot shows minimum energize margin improvement from Dev 1 to Dev 2 as a percent vs. drive torque work improvement, again as a percent.  You see there is a clear boundary, or Pareto front, and we want to choose designs on that boundary because these choices wring every bit of performance out of the design; different places on the boundary just trade the performance margins differently.

First, note that Dev 2 used a new actuator design with much better performance than Dev 1.  By changing only the actuator, ~275% improvement in energize margin would have resulted (but 0% improvement in drive torque work).  So part of this study was about trading all that new energize margin for drive margin.  But you also see that just a change of actuator does not result in a Pareto-optimal design – performance would be left on the table (the same 275% improvement can be had together with a ~10% increase in drive torque work as well!).

Ultimately, based on engineering judgement the project team determined a balance for improvements between energize and drive margins.  The specific point design chosen is shown on the plot.  The energize margin was still significantly improved from Dev 1 but some of the improvement was traded for a large improvement in drive margin.



Summary of Selected Dev 2 Design

9

In summary, for chosen Dev 2 design compared to Dev 1…
o 37% increase in drive torque work
o Nearly 3X improvement in minimum energize margin
o Starting energize torque margin (as ratio 𝑇𝑇𝐴𝐴/𝑇𝑇𝑟𝑟𝑒𝑒𝑒𝑒) ~ 2.25
o Relatively modest changes to design

Torque Delivered to Wheel over 1 Index Torque to Actuate Drive
Optimized Dev 2
Dev 1
Dashes: Actuator torque references

~35% improvement at 
start

~43% improvement 
at end
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Initial demonstration of multi-objective 
optimization to balance margins was a success!

Presenter Notes
Presentation Notes
Here are some plots directly comparing the Dev 1 and Dev 2 point designs.  In the left plot, one can see that the drive torque delivered to the wheel increased relatively uniformly over one index motion (~35% improvement at the start to 43% at the end).  In the right plot, one can see that the energize margin (difference between lines of the same color) is better throughout the actuator motion, but is significantly better at the start of the stroke. In fact, the starting margin as a ratio was a factor of ~2.25, meaning the torque available was 2.25 times the torque required at the start of the motion.

The best part of the outcome is that all of this substantially improved performance was achieved with relatively modest changes to the design, apart from the new actuator.



Epilogue – Another Stronglink Design
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Rapid redesign was needed mid-procurement for another similar stronglink device moving 
from Dev A to Dev B. In the same week…
oDev A unit failed to operate (drive) in a specific environmental condition
oDev B simulations showed reduced drive margin compared to Dev A

Multi-objective optimization approach was rapidly implemented in redesign
o Similar formulation
o Rapid evaluation of design options
oNew point design with much-improved margin but modest changes established in <2 weeks

Dev A Dev B 
Original

Dev B 
Redesign

Worst-Case Energize 1.10 1.48 1.48
Worst-Case Drive 1.44 1.19 2.19

Static Torque Margin [Available/Necessary]

Multi-objective optimization proved its 
worth in a time-constrained situation!

Acknowledgement: Spencer Grange

Presenter Notes
Presentation Notes
As a brief epilogue, once this technique was established, we found it useful again in a challenging time-sensitive situation.  The Dev A cycle of a similar stronglink device was observed to fail to transit due to a drive failure (as opposed to an energize failure) during a specific environmental condition.  Some long-lead hardware for the next iteration (Dev B) was already on order, but unfortunately the modeling for Dev B was trailing due to resource constraints. In the same week as the Dev A test failure, Dev B simulations predicted reduced drive margin in Dev B compared to Dev A.

This was an all-hands on deck moment to correct the Dev B design while staying on schedule and ensuring piece-parts on order could be salvaged.  The multi-objective optimization approach was brought to bear on the problem, with a similar formulation and similar constraints to those used in the prior implementation.  This allowed for extremely rapid evaluation of design options, and a new point design with much-improved margin but modest changes was established in <2 weeks.  What’s particularly notable here is that the drive margin was increased substantially with no penalty to energize margin and no actuator change – this means that the original Dev B design was significantly sub-optimal, and using the multi-objective optimization approach allowed us to recover unclaimed margin with modest changes.



Conclusions and Future Work
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Conclusions
oMulti-objective design optimization using SC3D Motion & DSE was used to optimally balance drive 

and energize margins in two stronglink mechanisms
o This new approach yielded higher-performing designs in less time than traditional approaches

Future Work
o Refine approach, especially with respect to defining constraints
oMove approach into regular use (need documentation, broader awareness)
o Explore putting other design aspects in-the-loop
o Spring design?
o Fine-tuning of actuator designs?

Thanks for listening!

Presenter Notes
Presentation Notes
To conclude, I have talked about how we utilized multi-objective design optimization using SC3D Motion and DSE to optimally balance drive and energize margins in two stronglink mechanisms.  This new approach yielded higher-performing designs, and especially in the second case, it took less time than traditional approaches.

For future work, we would like to refine the approach, especially with respect to defining constraints.  We did have to iterate on constraints quite a lot, and establishing spring constraints with confidence is still more art than science.  Following that, we’d like to move the approach into regular use, which involves creating some documentation so more engineers will be capable of configuring the optimization and also creating broader awareness among project realization teams.

Finally, there is room to explore putting other design aspects in-the-loop.  For example, one could imagine bringing aspects of the spring design in the loop – if not the physical spring design, then perhaps estimates of achievable performance parameters that are linked real-time to the physical space available.  Another aspect of the problem that could be partially in the loop could be actuator design.  It’s probably not realistic to pull the entire design in the loop, but perhaps fine-tuning of pole faces and the like to achieve the most complementary performance with the springs is tractable.

Thank you for your time!
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