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“Mechanism Design Principles for Optical-Precision, Deployable Instruments”

By Mark S. Lake and M. Roman Hachkowski

Introduction:

Mark S. Lake and M. Roman Hachkowski’s paper “Mechanical Design Principles for Optical-Precision, Deployable Instruments” presents a near-comprehensive set of best practices and rules of thumb for the design of optical-precision deployable instruments.1 Presented to an American Institute of Aeronautics and Astronautics conference on structures, structural dynamics, and materials, the paper attempts to provide a previously unpublished set of guidelines for structures intended to be “microdynamically quiet” in space deployment. None of these guidelines is unheard of, as they are a compilation of common design practices for conventional deployable mechanisms and optical-precision mechanisms, but they are all uniquely applicable to creating dimensionally stable interfaces in precision deployment systems.

Summary:

Due to the breadth of the paper, results are extensive. The paper is divided into sections on conventional deployment mechanisms, optomechanical design, and Lake and Hachkowski’s recommendations for designing optical-precision deployment mechanisms. This synopsis will cover all sections as labeled in the paper, and all quotations herein are from Reference 1. 
The “Conventional Deployment Mechanism” section includes subsections on “Features to Maximize Stiffness and Strength,” and “Preload to Reduce Nonlinear Response.” They are summarized below:

Features to Minimize Stiffness and Strength:
Conventional deployment mechanisms use redundant load paths between members and conforming load-bearing components in order to maximize stiffness and strength of the assembly. Such mechanisms also use mechanical preloads across joints to minimize non-linear load-displacement responses. 
Preload to Reduce Nonlinear Response:
Nonlinear responses include freeplay, nonlinear elasticity, and hysteresis. Preload devices eliminate freeplay and slippage by applying uniaxial compression across joints. However, preloads may increase hysteresis by working on conjunction with operating loads or by allowing operating loads to be carried through traction forces. Hysteresis, the friction-induced slippage between interfaces, can lead to mechanical and optical performance degradation. 
Lake and Hachkowski discuss hysteresis effects on optomechanical mechanisms throughout the rest of the paper. 
The “Optomechanical Design Principles” section focuses on interface stability important to optomechanics. Subsections include “Determinate vs. Indeterminate Load Paths,” “Non-Conforming vs. Conforming Interfaces,” and “Compliant vs. Non-Compliant Preload devices.” Following are summaries for each subsection:

Determinate vs. Indeterminate Load Paths 
The authors discuss the importance of establishing a determinate load path between small optical system components, as doing so will decrease the possibility of introducing assembly preloads that cause mechanical distortions. In other words, creating a determinate load path decreases high local stresses and friction and therefore hysteresis and its resulting instablities. 
Non-Conforming vs. Conforming Interfaces

This subsection discusses the benefits of non-conforming interfaces over conforming ones, despite the obvious local stress distribution and redundant load paths created by conforming interfaces. Non-conforming interfaces ensure that interface stress distributions are defined and not influenced by surface imperfections, therefore reducing the likelihood of localized slippage in cyclic loading. (Not noted by Lake and Hachkowski is the importance of non-conforming interfaces to mechanical repeatability). 
Compliant vs. non-compliant preload devices 
This subsection discusses the utility of using compliant links between preload devices and the interface being preloaded as a means of maintaining a constant preload despite manufacturing tolerances and local mechanical deformations due to thermal expansion. Compliant links also prevent operational load transfer through the preload device (the preload device is probably not acceptable as a precision mechanism).  
Following is a list of highlighted “optomechanical design principles” as listed by the authors:

Optomechanical Design Principle 1: When practicable, design determinate load 
paths between components, and design the interfaces along these load paths to 
carry little or no load through friction.


Optomechanical Design Principle 2: When practicable, use non-conforming 
geometries at mechanical interfaces.


Optomehcanical Design Principle 3: All preload mechanisms should be designed 
not to participate directly in the transfer of operational loads across the interface 
(e.g., through the use of a compliant linkage between the preload device and the 
point of application of preload). 

The paper’s third section is “Design Recommendations for Optical-Precision Deployment Mechanisms.” This is the real “meat and potatoes” portion of the paper, as it provides specific design advice to achieve reliable, microdynamically quiet optical precision deployable systems. Lake and Hachkowski introduce this section with geometrical considerations to improve deployable system design, stating that

it is… desirable to locate deployment mechanisms in line with the primary load-carrying members of the structure such that no significant offsets can occur that can amplify the loads induced across the mechanisms
and
it is… desirable to select deployable structure geometries with sufficient depth such that the percent uncertainty in the optical-alignment degrees of freedom will be on the order of the percent uncertainty in the displacement response of an individual deployment mechanism.

These recommendations are not necessarily intuitive to a designer in the beginning of the design process, but will prevent some hysteresis-induced instabilities by limiting the mechanical loads induced across (precision) mechanisms.

The “Design Recommendations for Optical Precision Deployment Mechanisms” section includes subsections of “Use of Existing Mechanism Designs,” “Mechanism Stiffness Considerations,” “Dropping Hinges Out of the Load Path,” “Use of Distributed Preload Systems,” “Design of Fixed Interfaces,” “Design of Non-Fixed Interfaces,” “Minimizing Traction at Non-Fixed Interfaces,” “Increasing the Stiffness of Non-Conforming and Non-Fixed Interfaces,” and “Use of Axisymmetry for Athermalization.” Following are descriptions of each subsection:

Use of Existing Mechanism Designs:

The authors emphasize the utility in using “existing, flight-proven, hinge and latch mechanisms for optical-precision deployable structures.” Flight-proven hinges and latches for optical instruments are discussed by Phelps.2 
Mechanism Stiffness Considerations:

This subsection talks most directly to the content of the OPTI 521 course by describing the spring-in-series relationship between the deployable mechanism structure and support structure into which it is embedded. Because of the spring relationship, it is important to match the stiffnesses of the mechanism to the structure as much as possible. This can be accomplished by addressing the probable comparatively low stiffness of the mechanism (the stiffness is probably low due to the compliant links, diverted load paths, and non-conforming interfaces already included in the design).  Mechanism stiffness can be increased by using higher-modulus materials to maximize elastic stiffness or decreasing the effective length of the mechanism. 
Dropping Hinges Out of the Load Path:
The authors state that the common practice of intentionally dropping hinges out of the load path of the deployable structure will not make the structure more microdynamically stable or quiet in every instance.
Use of Distributed Preload Systems:

Optomechanical systems generally use local preload devices on individual latches and hinges, whereas conventional deployable structures use distributed systems such as tension cable networks to provide a preload to joints, latches, and hinges across the system. Distributed load systems can carry large operational loads, so they often are not appropriate for use with optomechanical mechanisms (from Optomechanical Design Principle 3 above). Recommendations from the authors for implementing a distributed preload system with an optomechanical device are that the system should be designed “1) not to involve any primary load-bearing components of the structures, and 2) not to change preload despite thermo-mechanical loading of the structure.”
Design of Fixed Interfaces:

The benefit of fixed interfaces is that they cannot, by nature, introduce friction-induced hysteresis; highly preloaded, fitted, and bolted interfaces can introduce hysteresis. The authors recommend using bonded or welded interfaces whenever practicable, and when disassembly of the structure is necessary, to design the load capacity a bolted interface to be at least a factor of 10 greater than the mechanism’s maximum expected operating load.
Design of Non-Fixed Interfaces:

The authors state that non-fixed interfaces should use non-conforming contacts.

Minimizing Traction at Non-Fixed Interfaces:

Friction-induced hysteresis is inherent when non-fixed interfaces are subjected to load cycling. It is therefore desirable to minimize tangential stiffness at the interface to reduce slippage across the interface. Elimination of tangential stiffness can be accomplished by incorporating ball or needle bearings between contacting elements. When using a rolling element is not practicable, flexured contacts are useful to reduce friction-induced hysteresis under load cycling by reducing traction friction.   
Increasing the Stiffness of Non-Conforming Non-Fixed Interfaces:

Non-comforming contacts at non-fixed interfaces have low stiffness “due to high localized stresses and deformation under loading.” Despite eliminating static determinacy across the interface, it is therefore desirable to increase stiffness by incorporating multiple points of contact across the interface. This is most easily accomplished by rolling-element bearings, which transmit little load through friction and, depending on the design, can provide restraint against load in five of six degrees of freedom. Distributing the load across the balls greatly decreases elastic deformation at each point of contact and results in higher stiffness than can be provided by statically determinant non-conforming contacts.
Use of Axisymmetry for Athermalization:
The authors state that “although thermal mis-match of materials has little direct impact on hysteretic response in high-precision deployment mechanisms, it is an important issue that can influence the selection of components and indirectly affect hysteretic response.” Low CTE materials are generally used in deployable structures’ “spanning” members. The effort here is to design latches and hinges such that the CTE of their metal components, which is high compared to the laminates and composites of the spanning members of the structure, has minimal effect on the structure’s overall CTE. One approach is to balance the product of the length and CTE of both the laminate/composite member and the metal joint by connecting the two in series if the laminate/composite member has a negative CTE or in parallel if for spanning members with low positive CTE’s. The other approach is to embed the metal joint into a near-zero CTE composite member so that their thermal mis-matches cause local deformations but not net length changes of the member. Rolling-element bearings are axisymmetric and can therefore be integrated into composite structural members as part of a structure’s athermalization. 

Discussion:

Particularly interesting are Lake and Hachkowski’s repeated references to hysteresis and the importance of limiting it through design best-practices. While not noted by the authors, hysteresis is significant in other applications involving mechanical adjustment, repeatability, and settling. From this standpoint, this paper could be useful to mechanical designers in any field.  
From an optical or optomechanical engineer’s perspective, the guidelines put forth by Lake and Hachkowski ideally will be used during system design in conjunction with more specific premises of ensuring the maintenance of the precision optomechanical mechanism’s optical performance. I would recommend consideration of Lecuyer’s discussion, which includes specific advice to harden optical systems against both thermal and acceleration shock.3 Lecuyer finds that to maintain optical integrity in adverse conditions, it is important from an optical standpoint to improve tolerance budgets, and from a mechanical standpoint to focus on methods to adequately hold lenses, retainers, mirrors and prisms while ensuring they will not be damaged by their metal holders “by shock-induced elastic deformation.” Also, many papers by Vukobratovich discussing opto-mechanical system design would be useful to help identify tradeoffs between the guidelines put forth by Lake and Hachkowski and procedures to preserve optical integrity.4
For designers primarily interested in deployable mechanisms, Krim’s paper discusses challenges specific to space-system design.5 

Conclusion:
Lake and Hachkowski’s paper lays out often-overlooked premises of mechanical design and goes into detail to explain them through applicable and illustrative examples. It is useful as a basis for design for both deployable systems and opto-mechanical mechanisms, because it pulls information to one reference for designing precision optical deployable devices. As such, it is useful to mechanical and aeronautic designers and engineers as well as optical and opto-mechanical designers and engineers.  

However, while the authors have limited their guidelines to the development of microdynamically stable optical precision deployment systems, it should be noted that their utility is significant in many applications used in conditions of high loading, whether the loading be cyclic, shock, or thermal. The paper also provides significant insight into the relationship between hysteresis and structural design, and I would recommend it as a useful resource on hysteresis-limiting design best-practices. 
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