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EXECUTIVE SUMMARY 

 
During the last few years, there has been a great deal of investment in the development of micro-electro-

mechanical systems (MEMS) for civilian and defense applications.   However, in order for MEMS to be 

included in weapons applications, they must satisfy stringent performance and reliability requirements.  

Despite significant effort, MEMS have not thus far been able to meet these criteria and experience 

unexpected failures, the reasons for which are poorly understood. If these problems could be solved, 

MEMS would find widespread deployment. 

 

Purdue University, in collaboration with the University of Illinois, Urbana-Champaign, and the 

University of New Mexico, has established a center, PRISM: NNSA Center for Prediction of Reliability, 

Integrity and Survivability of Microsystems, to significantly accelerate the development of MEMS 

technologies through the use of predictive, validated science and petascale computing. The Center seeks 

to understand, control, and improve the long-term reliability and survivability of capacitative contacting 

RF MEMS by using multiscale multiphysics simulation, from atoms to micro-devices, to address 

fundamental failure mechanisms.  Uncertainty quantification forms a central unifying theme of the center. 

 

PRISM research is conducted under three Center thrusts, Contact Physics, Multiscale Modeling of 

Membrane Response, and Multiscale Modeling of Aerodynamic Damping. Two cross-cutting technology 

thrusts also support PRISM research, including Computational Science and Engineering (CSE), and 

Uncertainty Quantification Science.  A substantial Center effort addresses verification, validation and 

uncertainty quantification issues specific to multiscale multiphysics simulations in microsystems. A 

strongly-leveraged experimental program is being conducted at Purdue‟s state-of-the-art Birck 

Nanotechnology Center to augment published data with validation-quality measurements and to develop a  

first-of-its-kind validation database for uncertainty quantification in microsystems. A 5-year simulation 

program is underway, starting with system simulations based on continuum physics, adding complexity 

yearly, and culminating in petascale simulations of RF MEMS lifetime under both normal and accelerated 

testing conditions.    

 

During Year 2, a number of important milestones were achieved. Uncertainty quantification in the 

damping simulation of the  PRISM RF-MEMS switch was conducted in the Navier Stokes Slip Jump 

regime. Reasonable comparison with experimental data was obtained. The primary cause of output 

uncertainty in the damping coefficient was found to be dimensional uncertainty in the membrane 

thickness and gap height. Coupled structure-electrostatics simulations of membrane dynamics were 

conducted and computations of pull-in voltage were found to match published approximate switch 

dynamics models well.  A dielectric charging model was developed in MEMOSA-FVM. Simulation of 

charging in a metal-insulator-metal (MIM) capacitor was performed and verified against a one-

dimensional model. Furthermore, first-principles atomistic simulations were conducted to characterize 

defect energy levels which appear in the dielectric charging model.  Atomistic simulations of metal-

dielectric contact were also conducted to determine surface hardness and pull-out stress, which are critical 

components of contact models to be developed and used in Year 3.  

 

Another important contribution during Year 2 was the development of a coarse-grained model for 

switch behavior to help perform preliminary sensitivity and uncertainty quantification on the complete 

system.   Here a 2D model for switch dynamics is developed based on Euler-Bernoulli beam theory, and 

includes a model for electrostatic force, a correlation for fluid damping, a simple restitution-based contact 

model, as well as a simple model for creep and dielectric charging. Preliminary sensitivity analysis has 

identified a number of critical geometric and model parameters which control prediction uncertainty in 

pull-in and pull-out voltage, and in the time-to-failure of the switch. 



 iv 

 

Significant improvements to our uncertainty quantification framework were made in Year 2. A 

methodology for uncertainty propagation across scales was developed and demonstrated. This 

methodology integrates uncertainty in atomistic simulations with that in mesoscale phase field 

micromechanics simulations to yield uncertainties in a macroscale model for plasticity to be used in 

device-level simulations. The MEMOSA software environment was enhanced to support efficient and 

convenient uncertainty propagation computations using collocation-based generalized polynomial chaos. 

New uncertainty quantification methods were developed, including an adaptive collocation technique for 

problems with discontinuities in the random domain, and a technique to quantify distributional sensitivity 

of output mean and variance to input probability distributions. The templating and operator-overloading 

framework of MEMOSA was employed to achieve an unintrusive implementation of Galerkin-based 

generalized polynomial chaos. Preliminary testing indicates that excellent accuracy is obtained in 

comparison to Monte Carlo simulations. 

 

Improvements to the physical models in MEMOSA during Year 2 included the development of 

improved models for materials behavior, including an anisotropic elasticity and a J2 plasticity model, as 

well as research on the inclusion of grain size and orientation in creep modeling. A preliminary 

implementation and verification of the ellipsoidal-statistical Bhatnagar-Gross-Krook (ES-BGK)  model  

for rarefied gas dynamics was also performed. 

 

      Improvements to the numerical algorithms underlying MEMOSA were also performed in Year 2. 

These included improvements to the accuracy of the immersed boundary method for coupling MEMOSA-

FVM and MEMOSA-MPM, the implementation, verification and testing of an implicit solver in 

MEMOSA-MPM, and improvements to the parallel performance of all MEMOSA codes, including 

MEMOSA-FVM, MEMOSA-MPM, and PuReMD,  our molecular dynamics code. 

 

An important highlight of the Year 2 work has been the collection of extensive experimental data to 

support validation efforts. Fluidic damping experiments were conducted on the PRISM switch for a large 

range of system pressures using a new experimental set-up developed at Purdue during Year 1. Data for 

multiple devices and multiple replicates was obtained and was used in the specification of input pdfs for 

damping simulations. Metrology of the PRISM device was conducted on multiple devices to obtain input 

probability distributions of geometric parameters. Measurements of membrane effective Young‟s modulus 

were also conducted to obtained probability distributions.     Furthermore, microstructural characterization 

of the membrane structure was conducted to inform the atomistic and mesoscale material modeling effort.  

 

A comprehensive educational program has been established, including workshops, a lively seminar 

series, additions to the Computational Science and Engineering program, and a student internship 

program at the national laboratories. The MEMShub web portal was deployed to disseminate research, 

software, experimental data and pedagogical materials to the MEMS community, and continues to be 

populated with content. 
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1. INTRODUCTION  

Over the last two decades, micro-electro-mechanical systems (MEMS) have demonstrated the potential to 

revolutionize the landscape of civilian and military communications, signal processing, and sensing.  

Integrated microsystems for monitoring and control of National Nuclear Security Administration (NNSA) 

stockpiles and new weapons systems are of critical national interest because they offer significant cost 

reduction and performance enhancement. Despite the increasingly widespread deployment of resonators, 

gyroscopes and digital light processing technologies in the commercial arena
1
, the deployment of MEMS 

in military applications has been hindered by the lack of reliability, particularly for complex moving and 

contacting MEMS designs. In order for MEMS to be included in NNSA stockpiles, they must satisfy 

stringent performance and reliability requirements. MEMS must survive billions of cycles of operation, 

and   must operate properly under dynamic impact conditions with acceleration/deceleration levels of up 

to 30,000g lasting milliseconds. Operating temperatures may vary from -50 to 80C.  Furthermore MEMS 

must function reliably even after they have been stored for long periods. Despite significant efforts in 

both the civilian and defense sectors, MEMS have not thus far been able to meet these criteria, and 

experience unexpected failures, the reasons for which are poorly understood. Consequently, there is little 

guidance to address these failures, and no obvious path to improvement. If MEMS could be made to 

function reliably long-term in adverse environments, they would find widespread use. 

 Purdue University, with its partners at the University of Illinois Urbana-Champaign (UIUC) and 

the University of New Mexico (UNM), has created a Center for Prediction of Reliability, Integrity and 

Survivability of Microsystems (PRISM) to accelerate substantially the development of MEMS  

technologies for civilian and military applications. PRISM aims to significantly improve our 

understanding of the long-term reliability of MEMS and their survivability in harsh environments by 

simulating rigorously, and at multiple scales, the physics of failure, accounting for the coupled electrical, 

mechanical, thermal and materials behavior of MEMS, from atoms to devices. Advanced simulation 

software, encapsulated in an integrated simulation system, MEMOSA (MEMS Overall Simulation 

Administrator), is being developed by leveraging existing DOE codes and our own research codes, and 

developing new methodologies and software as necessary. Uncertainty quantification (UQ) is a critical 

component of PRISM research;   UQ methodologies are being woven into the very fabric of our software 

so that our integrated software suite can quantify the cumulative uncertainty of all the constituent 

multiscale multiphysics components.  An extensive program for verification and validation is underway 

which systematically addresses the multiscale multiphysics nature of the problem, and which is supported 

by a significantly-leveraged experimental effort being undertaken at Purdue‟s state-of-the-art Birck 

Nanotechnology Center in collaboration with Sandia National Laboratories.  At completion, PRISM will 

allow NNSA researchers to predict, understand, and alleviate MEMS failure mechanisms, and thus to 

improve their reliability and survivability.  

 This document is structured in the following way. Section 2 gives an overview of PRISM goals, 

its main technical thrusts, and the Center management structure. Section 3 lays out specific prediction 

goals and PRISM‟s 5-year simulation milestones. Sections 4-9 summarize research accomplishments for 

the period April 2009-April 2010. Section 10 gives an overview of educational and outreach 

achievements. The remaining sections provide schedule and personnel information, and a list of Center 

publications. 
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2. CENTER OVERVIEW  

2.1 Overarching Application 

The focus of PRISM  is on a  single contacting radio frequency (RF) capacitative MEMS switch. The 

target system and its most important material and geometrical properties are shown in Fig. 2.1. This type 

of device is widely used for contact actuators and capacitative switches, and involves metal-dielectric 

contact
2
. A fixed-fixed nickel membrane makes repeated contact with a dielectric contact pad. In the up 

state the switch presents a very small capacitance (0.03–0.1 pF) which allows the signal to travel through 

the transmission line (blue) with very low loss (<0.1dB up to 40GHz). On the other hand, in the down 

state, the suspended bridge contacts the dielectric layer forming a large capacitance (1–3 pF), which is an 

effective short circuit at high frequencies (>5–10 GHz). Consequently, the incident signal is reflected and 

the switch presents a high isolation (>15–30 dB).  

During the last decade, significant work has been performed in improving switch reliability, and 

recent designs have 

begun to exhibit 

lifetimes of nearly a 

trillion cycles
3,4

  (i.e., a 

few months) in a 

laboratory 

environment and for 

low power levels 

(<100 mW). The 

primary failure 

mechanisms exhibited 

Problem Description 
Dielectric Charging Caused by trapped charges in thin dielectric layers; causes uncontrollable 

changes of actuation voltage with time 

Contact Area 

Damage 
and Current 

Channeling 

Contact resistance increases with time even at low power  probably due to 

strain hardening and change of chemistry.  Surface roughness evolution due 
to contact and non-uniform distribution of traps causes preferred current paths 

to form, increasing surface damage. 

Environmental 
Factors 

High humidity promotes adhesion and stiction-related failure; low humidity 
promotes increased friction between contacting surfaces 

Mechanical Failure  Size effects result from interaction of dislocations with grain boundaries, free 

surfaces, and interfaces. 
Vacancy nucleation occurs due to long-term fatigue cycling. 

Mechanical stress and creep occur due to large temperature variation. 

Spalling, ductile and brittle fracture and delamination occur during shock 
loading 

 

Table 2.1: Failure mechanisms in contacting RF MEMS 

                              

                          

Ni membrane (~0.7 m thick)

Ti layer (~250 A) 

Dielectric

(SiO2/Si3N4 ~200 nm )

Pull-down electrode 

( Au ~0.5 m thick 

Ti layer ~ 250 A)

Anchor

Ni membrane (~0.7 m thick)

Ti layer (~250 A) 

Dielectric

(SiO2/Si3N4 ~200 nm )

Pull-down electrode 

( Au ~0.5 m thick 

Ti layer ~ 250 A)

Anchor

Ni membrane (~0.7 m thick)

Ti layer (~250 A) 

Dielectric

(SiO2/Si3N4 ~200 nm )

Pull-down electrode 

( Au ~0.5 m thick 

Ti layer ~ 250 A)

Anchor

• Membrane

– Length ~ 300 m

– Width ~ 80 m

– Thickness ~ 0.7 m

• N2 or air environment  (~ 1 atm)

• Actuation voltage ~ 40-100V

• Hold down voltage ~ 5-15V

• Switching frequency 100 Hz-10 kHz

• Response time – 3-10 microseconds

 
 
Fig. 2.1: Target RF MEMS device. Applied bias causes the metallic membrane (gold)  to close gap and make 

contact with the dielectric (brown) over a time scale of microseconds. The device is enclosed in a sealed enclosure 

containing nitrogen or air.
2 
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by this type of RF MEMS switch are summarized in Table 2.1. Dielectric charging
5
 is  caused by trapped 

charges inside the thin dielectric layer and leads to uncontrollable changes of the actuation voltage versus 

time, and eventually, complete device failure. Contact area damage and wear leads to contact resistance 

degradation even for relatively low power levels
6
. It is often manifested as contact resistance increase 

versus time that renders the switch unusable. MEMS switches are very sensitive to environmental 

contaminants and humidity. While hermetic on-wafer packages have been developed (e.g. Ref. 7), the 

ideal environment around the switch is still unknown 
8,9

.  Mechanical failure mechanisms are tied to 

reductions in the physical size of the device, resulting in an interaction of microstructure with interfaces 

and free surfaces. Mechanical stress and creep development  are important at very high or very low 

temperatures (e.g. operation at 460C and/or 

temperature swings of -180 to +120C), but 

virtually no studies exist today on this issue
10

.  

Under conditions of shock loading, mechanisms 

related to materials microstructure, such as 

spalling, ductile and brittle fracture and 

delamination, become important. 

  

2.2 Prediction Goals 

In developing prediction goals for the Center, it is 

useful to understand the state-of-the-art in lifetime 

measurements for the class of capacitative 

contacting RF-MEMS that forms our target 

system.  Fig. 2.2 shows published data on lifetime 

(cycles to failure) versus activation voltage for 

this class of MEMS for a number of university 

and industrial switches. Though these switches 

are ostensibly of the same (or very similar) 

designs, measured lifetimes vary by 1-2 orders of magnitude or more.
11

 The sources of this variation are 

not well understood, and may lie in the fabrication processes and differences in testing protocols, among 

others. A simulation capability which can predict mean device lifetime to within an order of magnitude of 

 
 

 

Fig. 2.2: State-of-the-art in lifetime measurements
11.  

 

                                       
Fig. 2.3: (a), (b) Pull-in and release voltages in RF-MEMS switch. (c) Pull-in and pull-out voltage variation with 

cycles of operation. The red line indicates the minimum voltage associated with the applied voltage pulse. Stiction 

failure occurs when the pull-out voltage falls below this minimum. (d) Number of cycles to failure as a function of 

applied voltage.
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the experimental mean lifetime is not available 

today, and forms one of the central goals of this 

Center.   

 The specific metrics for measurement of 

lifetime are related to the pull-in and release voltages 

for the switch. Fig. 2.3 (a) shows the variation of the 

gap height g with applied bias in an RF-MEMS 

switch. When a bias Vbias is applied to the metal 

membrane (Fig. 2.3 (b)), the gap height remains 

nearly constant until the pull-in voltage, Vpull-in is 

reached. At this point, the membrane snaps shut, 

closing the switch. Since the electro-static force 

varies as the inverse of the gap squared, decreasing 

the applied bias keeps the contact closed until the 

bias has fallen below the pull-out voltage Vpull-out. 

Below this value, the membrane is released. 

Dielectric charging, a critical failure mechanism for 

this type of device, causes the pull-in and pull-out 

voltages to drift with time.
4
 When the dielectric is 

held at a positive voltage V(t) with respect to the 

membrane (Fig. 2.4), negative charges accumulate in 

the dielectric, reducing both the pull-in and pull-out voltages with time, as seen in Figs. 2.3(c) and 2.4.  

When the pull-out voltage falls below the minimum voltage applied by the pulse, the result is 

electrostatically-induced stiction.  We define device failure as an unacceptably low value of the pull-out 

voltage, Vpull-out =0 for the case shown in Fig. 2.4.  

One of our objectives is to predict the number of cycles to electrostatically-induced stiction 

failure. In typical RF-MEMS, however, the number of cycles to failure may range in the billions, and 

direct simulation of billions of cycles is not feasible even with petascale computing. Failure may be 

accelerated if the device is operated under high voltages, as shown in Fig. 2.3(d).
12

 Our objective is 

therefore to predict the number of cycles to failure under accelerated testing scenarios.
 

 Another metric for device 

failure is the ability of the switch 

to maintain a gap h (Fig. 2.3 (b)) 

at constant voltage. Given an 

applied voltage, the gap is found 

to decrease with time due to 

creep and dielectric charging 

(Fig. 2.5). It is important to 

predict the change of gap with 

time because this measures our 

ability to activate the switch after 

long inactive periods. A 

membrane which has deformed 

plastically due to creep cannot be 

activated with the same voltage 

as the undeformed membrane. A 

measure of the predictive 

capability of PRISM codes is 

their ability to predict the gap 

versus time behavior of RF 

MEMS switches. 

 

                                                                          
Fig. 2.4:  Switch lifetime defined by an unacceptably 

low pull-out voltage Vpull-out. The switch is assumed to 

fail if the pull-out voltage falls below the minimum 

available voltage, V=0, in the applied pulse.  The dashed 

lines indicate uncertainty bands about the mean pull-in  

and pull-out voltages. These uncertainty bands result in a 

distribution of lifetime, shown shaded in green. 

 
Fig. 2.5: Change of gap h with applied voltage at 20 V and 40 V.  The gap 

changes as a result of creep and dielectric charging. 
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Thus, the PRISM center has two 5-year prediction goals: 

 The first goal is to predict the mean failure lifetime, as shown in Fig. 2.4, to within one 

order of magnitude of switch lifetime measurements to be made at Purdue. Accelerated 

testing scenarios using higher-than-normal switching voltages will be used.  

 The second goal is to predict critical slopes in the gap-versus-time curves at fixed 

voltage, as shown in Fig. 2.5. 

These two goals are very ambitious, and such computations have not been attempted by the simulation 

community until now. Meeting these aggressive goals will significantly advance our ability to perform 

predictive MEMS simulations. 

 

2.3 Center Organization 

The organization of PRISM is driven by the Center‟s prediction goals, and is shown in Fig. 2.6. Prof. 

Jayathi Y. Murthy, Robert V. Adams Professor of Mechanical Engineering, directs the center. Prof. 

Murthy reports to Dr. Alan Rebar, Executive Director of Discovery Park and Senior Associate Vice 

President for Research.  She is assisted by three Associate Directors, Professors Anil Bajaj, Weinong 

Chen and Ananth Grama. Mr. Matt Potrawski serves as the Managing Director and oversees the day-to-

day running of the Center. Overall coordination of the software development is the responsibility of the 

Chief Software Architect, Dr. Michael McLennan, while Prof. Alina Alexeenko oversees our Education 

and Outreach efforts. PRISM operations are overseen by a Leadership Council composed of the Director 

and Associate Directors, the Managing Director and the Chief Software Architect.  An External Advisory 

Board consisting of stakeholders in the MEMS manufacturing community, computational and design 

software firms, representatives of defense industries with MEMS applications, as well as University 

leaders, guide the overall directions of the Center. The current members of the Advisory Board are listed 

in Table 2.2. 

 PRISM research is conducted under three science thrusts. Thrust 1, Contact Physics, is coordinated 

by Prof. Ashraf Alam. Thrust 2, Multiscale Modeling of MEMS Response, is coordinated by Prof. Marisol 

Koslowski, and Thrust 3: Multiscale Modeling of Aerodynamic Damping, is led by Prof. Alina Alexeenko.  

The activities of these groups are supported by two cross-cutting research thrusts, Computational Science 

and Engineering, led by Prof. Steve Dong, and Uncertainty Quantification Science, led by Prof. Dongbin 

 

 

 Affiliation Expertise 

Prof. Andreas 

Cangellaris (Chair) 

 

Dr. Jim Allen 

 
Dr. M.S. Anand 

 

Prof. Bharat Bhushan 
 

 

Dr. Marco Brunelli 
 

Dr. Barry Farmer 

 
Dr. Chuck Goldsmith 

 

Prof. Yogesh Jaluria 
 

Dr. Ravi Mahajan 

 

Electrical and Computer Engineering, 

University of Illinois, Urbana Champaign 
 

Sandia National Laboratories 

 
Rolls Royce 

 

Mechanical Engineering, Ohio State 
University 

 

Siemens Energy 
 

AFRL 

 
MEMtronics Inc.  

 

Mechanical Engineering, Rutgers 
 

Intel  

 
 

Electromagnetics, simulation, MEMS 

 
 

MEMS design and fabrication 

 
Computational fluid dynamics, computational mechanics 

 

Tribology, nanomechanics 
 

Probabilistic design, optimization,  and uncertainty 

quantification 
 

Materials Science 

 
MEMS design and fabrication 

 

Heat transfer, fluid mechanics 
 

Microelectronics, thermal management 

 
 

 
Table 2.2:  PRISM  External Advisory Board 
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Xiu.   Table 2.3 shows the composition of the different thrusts, team roles and the expertise of individual 

members.  

 The uncertainty quantification activities of the Center are central to the Center mission and are 

overseen by a UQ Coordinating Group consisting of all the major thrust leads and software leads, and 

chaired by Prof. Murthy. This group meets weekly to discuss, plan and coordinate all UQ-related 

activities. The Target Simulation Lead, Prof. Ale Strachan, coordinates all activities associated with 

completing the yearly milestone simulations (see Section 3) on schedule. Dr. Mike McLennan oversees 

Software Engineering. These groups and individuals perform an integrative function, knitting together the 

activities of the individual thrusts. 

  

 

 

 

 

 

 

 

 
 

Fig. 2.6:  PRISM organizational structure 
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 Affiliation Expertise 

Thrust 1: Contact Physics 
A. Alam (Lead) 

A. Grama 
D. Peroulis 

A. Raman 

A. Strachan 
H. Kim 

Electrical and Computer Engineering, Purdue 

Computer Science, Purdue 
Electrical and Computer Engineering, Purdue 

Mechanical Engineering, Purdue 

Materials Science and Engineering, Purdue 
Materials Science and Engineering, Purdue 

Reliability, device physics 

Coarse grain MD; parallel computations with ReaxFF 
MEMS physics  and experiments 

Stiction/adhesion physics and experiments 

Atomic-level modeling of contact physics 
Atomic-level modeling of contact physics 

Thrust 2: Multiscale Modeling of MEMS Response 
M. Koslowski (Lead) 

A. Alam  
N. Aluru 

A. Bajaj 

T. Fisher 
J. Murthy 

A. Strachan 

D. Sulsky 
P. Wallstedt 

Mechanical Engineering, Purdue 

Electrical and Computer Engineering, Purdue 
Mechanical Science and Engineering, UIUC 

Mechanical Engineering, Purdue 

Mechanical Engineering, Purdue 
Mechanical Engineering, Purdue 

Materials Science and Engineering, Purdue 

Mathematics, University of New Mexico 
Mathematics, University of New Mexico 

Multiscale materials modeling 

Electrical transport theory and modeling 
Multiscale/multiphysics  simulation of MEMS 

Non-linear dynamics, reduced-order modeling 

Sub-micron heat transfer modeling and experiments 
Sub-micron heat transfer, modeling, numerics 

Atomic-level materials modeling 

Material point method, computational mechanics 
Material point method, computational mechanics 

Thrust 3: Multiscale Models for Aerodynamic Damping 
A. Alexeenko (Lead) 

S. Mathur 

J. Murthy 
A. Raman 

L. Sun 

Aeronautics and Astronautics  Engg., Purdue 

Mechanical Engineering, Purdue 

Mechanical Engineering, Purdue 
Mechanical Engineering, Purdue 

Rosen Center for Advanced Comp. (RCAC) 

Rarefied gas dynamics 

Computational fluid dynamics 

Computational fluid dynamics 
Physics of aerodynamic damping and non-linear dynamics 

Computational fluid dynamics 

Cross-Cutting Thrust: Uncertainty Quantification Science 
D. Xiu (Lead) 

N. Aluru 
Mathematics, Purdue 
Mechanical  Science and Engineering, UIUC 

Generalized polynomial chaos 
Stochastic methods for multiscale/multiphysics systems 

Cross-Cutting Thrust: Computational Science and Engineering 
S. Dong (Lead) 

A. Grama 
S. Mathur 

F. Saied 

A. Sameh 
D. Sulsky 

P. Wallstedt 

M. Wester 
B. Yildirim 

Mathematics, Purdue 

Computer Science, Purdue 
Mechanical Engineering, Purdue 

Rosen Center for Advanced Comp. (RCAC) 

Computer Science, Purdue 
Mathematics, University of New Mexico 

Mathematics, University of New Mexico 

Mathematics, University of New Mexico 
Rosen Center for Advanced Comp. (RCAC) 

Parallel computing algorithms 

Parallel computing for molecular dynamics 
CFD algorithms 

Parallel computing performance evaluation 

Parallel linear algebra 
Computational mechanics 

Computational mechanics 

Computational mechanics 
Parallel computing algorithms 

 Software Engineering 
M. McLennan (Lead) 

A. Grama 

M. Hunt 
M. Koslowski 

S. Mathur 

F. Saied 
D. Sulsky 

L. Sun 

P. Wallstedt 
M. Wester 

B. Yildirim 

Rosen Center for Advanced Comp. (RCAC) 

Computer Science, Purdue 

Rosen Center for Advanced Comp. (RCAC) 
Mechanical engineering, Purdue 

Mechanical engineering, Purdue 

Rosen Center for Advanced Comp. (RCAC) 
Mathematics, University of New Mexico 

Rosen Center for Advanced Comp. (RCAC) 

Mathematics, University of New Mexico 
Mathematics, University of New Mexico 

Rosen Center for Advanced Comp. (RCAC) 

Chief software architect 

Parallel programming software architecture  

MEMOSA implementation and integration, visualization 
PFMM implementation, parallelization 

FVM, IBM implementation, MEMOSA integration 

Parallel programming, performance evaluation 
MPM implementation, MEMOSA integration 

FVM, IBM  implementation, models 

MPM implementation 
MPM implementation 

Parallel processing, MEMOSA integration 

UQ Coordinating Group 
J. Murthy (Chair) 

A. Alam 

M. Koslowski 

A. Alexeenko 
D. Xiu 

N. Aluru 

A. Strachan 
S. Mathur 

D. Sulsky 

A. Bajaj 
D. Peroulis 

A. Raman 

 

Mechanical Engineering, Purdue 
Electrical and Computer Engineering, Purdue 

Mechanical Engineering, Purdue 

Mechanical Engineering, Purdue 
Mathematics, Purdue 

Mechanical Sc. And Engg., UIUC 

Materials Science and Engineering 
Mechanical Engineering, Purdue 

Mathematics, UNM 

Mechanical Engineering, Purdue 
Electrical and Computer Engineering, Purdue 

Mechanical Engineering, Purdue 

Overall coordination of UQ activities  
Thrust 1 models, coarse-grained model 

Thrust 2 models 

Thrust 3 models 
 UQ Science 

 UQ Science 

Target simulation coordination, atomistics 
 Numerical methods and software 

 Numerical methods and software 

 V&V, UQ education and training 
MEMS fabrication and characterization 

MEMS damping and response measurements 

 

                                                
                   Table 2.3: Team composition, team roles and expertise 
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2.3.1 Thrust 1: Contact Physics 

The focus of this thrust is failure mechanisms directly associated with 

metal-dielectric contact, including dielectric charging, current channeling, 

contact-area evolution and damage, and the influence of environmental 

factors such as humidity.  A significant focus of the center is the atomistic 

resolution of adhesion and stiction phenomena, and their influence on 

macroscale physics. To address dielectric charging, physics-based models 

are proposed to model the capture of injected electrons by new traps, the spatial and temporal distortion of 

the electric field as a result, and finally, the dynamic feedback due to the resulting spatial 

inhomogeneities
13

. Models capturing these physics will be incorporated in our finite volume framework. 

Current channeling and contact area evolution occur as dielectric and metal make non-uniform contact 

because of surface roughness, causing preferred current pathways to form; these evolve dynamically as 

repeated contact modifies the surface morphology and as preferred current pathways evolve in a dynamic 

manner
14,15,16

. These physics will be captured at the microscale through the use of large-scale non-

equilibrium molecular dynamics (MD) simulations describing metal-dielectric contact under periodic 

impact. A detailed all-atom MD simulation using the reactive force field ReaxFF
17,18

 will be  used for 

simulating surface chemistry.  

 

2.3.2 Thrust 2: Multiscale Modeling of MEMS Response 

The focus of this thrust is to develop an integrated electro-thermo-

mechanical model for the structural behavior and dynamic response of 

the metallic membrane and auxiliary structures. Though classical 

theories are expected to be valid for the most part, attempts to investigate 

thinner membranes or to understand the long-term influence of 

microstructure on macroscopic behavior must contend with the sub-

micron effects. When the critical dimension of the device falls into the 

sub-micron range, material properties can no longer be approximated by 

bulk values, surface effects become dominant, and material 

inhomogeneities such as defects and dislocations can play an important 

role. We are developimg a general-purpose particle-based simulation framework for MEMS simulations 

based on the material point method (MPM). These methods address large deformation, contact, 

fragmentation and voiding easily. The material constitutive relations will be based on atomic-level 

dynamics, and the development of meso-scale phase field micromechanical models (PFMM). 

Dislocations and defects will be described by continuum fields and will be integrated seamlessly in the 

MPM algorithm
19,20

. Key components of our approach are: (i) grain texture and orientation in Ni 

membranes,  including a dislocation-based model of polycrystalline plasticity, (ii) accounting for residual 

stress and defect concentrations (vacancies and dislocations) due to the manufacturing process, (iii) single 

and polycrystalline plasticity integrating finite elastic and plastic deformation induced by micro-defect 

formation; dislocations will be individually tracked and will naturally take into account size effects in 

plastic deformation, and (iv) changes in contact area topology and in the material mechanical properties 

due to accumulation of defects and thermo-electrical forces. 

 

2.3.3 Multiscale Modeling of Aerodynamic Damping 

The primary focus of this thrust is to resolve the transient aerodynamic 

damping force that results from membrane motion in the air/N2 

atmosphere in the RF MEMS device. A critical aspect is the transition 

in flow regimes as the gap between the membrane and the contact pad 

closes and opens. Flow rarefaction affects aerodynamic damping at 

small gap sizes, and can be characterized by the Knudsen number, Kn 

= /g, the ratio of the molecular mean free path  to the gap size g. The Navier-Stokes equations describe 

aerodynamic damping of microbeams and membranes at small Kn (<0.01)
21,22,23

. The Navier-Stokes 
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equations augmented by slip/jump conditions to account for tangential slip and temperature jumps, extend 

the applicability of  the continuum  model up to Kn=0.1
24

. For high Kn (>0.1) the deterministic 

ellipsoidal-statistical Bhatnager-Gross-Krook (ES-BGK) model
25

 has been found to agree with 

experiments
26

 for a wide range of rarefaction. In this thrust, we adopt a deterministic approach combining 

the Navier-Stokes and the Boltzmann equations and switching between the two as the switch gap closes. 

The continuum Navier-Stokes equations are used for the flow regions where the local Knudsen number 

(based on local gradients of macro-parameters such as pressure and velocity) is below a breakdown value. 

Fully-kinetic Boltzmann simulation using an ES-BGK relaxation time approximation is carried out in 

non-continuum regions which will be automatically detected. The two approaches will be integrated in 

our unstructured solution-adaptive finite volume solver.   

 

2.3.4 Computational Science and Engineering 

This activity provides a strong backbone of computational and 

algorithmic expertise in the petascale simulation of molecular 

systems, and in the development and deployment of parallel linear 

solvers. An adaptive library of linear solvers is being developed to 

serve Center simulation activities and to ensure performance 

portability across different petascale architectures. It is likely that 

both direct and iterative solvers will be necessary. A variety of 

parallel direct solvers,  for example, Harwell Subroutine Library 

solvers such as MA48 or MA57
27

, Berkeley's SuperLU
28

, 

CERFACS' MUMPS
29

, or  Intel's MKL solver PARDISO
30

, are 

available. These algorithms have different reordering strategies 

during the factorization stage and exhibit different computation/communication time ratios, depending on 

the computing platform. If a reordering scheme produces a banded system that is sparse within the band, 

these solvers can be used as kernels in the Spike algorithm,
31

 thus enhancing overall parallel performance 

on a variety of parallel architectures. The library will also provide preconditioned iterative solvers using 

Krylov subspace methods as the outer-most iteration. When the coefficient matrix is available explicitly, 

efficient preconditioning schemes will be developed by extracting banded systems using reordering 

schemes to minimize the system's bandwidth.
32,33,34

 These schemes will bring most of the largest matrix 

elements into a relatively narrow band centered around the main diagonal. Such central bands are then 

used as pre-conditioners, and systems involving them are solved using members of the Spike family of 

algorithms, which achieve high performance on parallel computing platforms.  

 

2.3.5  Uncertainty Quantification Science 

A number of critical issues must be addressed by the Center to quantify 

uncertainty in MEMS simulation. These are: 

 Sparsity of available data. Input data (eq. geometry 

characterization) and output quantities (eq. damping coefficient and pull-in or pull-out voltage) 

are necessarily sparse. Accurate probabilistic representations of these data, and a quantification of 

the error in these representations is necessary. 

 Curse of dimensionality. The number of input variables for a system of PRISM‟s complexity is 

very large, numbering into the hundreds when all underlying models and physics are considered. 

Techniques for uncertainty propagation which work efficiently for these large systems are 

necessary. Approximate techniques such as linear sensitivity analysis form a useful adjunct to 

more accurate techniques, and PRISM codes employ automatic code differentiation to provide 

linear sensitivity coefficients.  Generalized polynomial chaos (gPC) is a central tool being used in 

PRISM 
35,36,37,38,39

 to propagate uncertainty from inputs to outputs. Generalized polynomial chaos 

(gPC) was first proposed by Xiu and Karniadakis
 
and is a highly efficient means of representing 

random processes. Though gPC traditionally employs the Galerkin method, a newly-developed 

collocation scheme
40

 used in conjunction with sparse-grid representations of the random space is 
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especially powerful for more complicated governing equations. Adaptive techniques which 

cluster collocation points in random space depending on the local gradients of the output variable 

are also being developed.
41

 

 Unintrusive uncertainty propagation. Galerkin gPC methods are intrusive, and existing codes 

must be significantly modified to admit stochastic analysis. This is difficult to do with legacy 

software.  An exploration and evaluation of discrete Galerkin approaches to gPC
42

 is underway 

which exploits operator overloading and templating to achieve unintrusive implementations of 

gPC. 

 

2.4 Software Engineering and Solver Integration 

PRISM software is integrated under a single environment called 

MEMOSA (MEMS Overall Simulation Administrator) to enable 

full-system simulation. A conceptual layout of the MEMOSA 

simulation env
i
ronment is shown in Fig. 2.7, and consists of a 

pre-processing suite of CAD geometry and mesh generation 

software, a solver suite consisting of finite volume, material 

point, molecular dynamics, and mesoscale micromechanical 

modeling software and a post-processing suite to enable the 

parallel visualization of large data sets. Communication between 

the micro- and macro-scales is accomplished though a compact 

model database, which is populated by running the microscale 

solvers offline. The computationally-intensive kernels in 

MEMOSA are written in a compiled language such as C/C++ or 

F95 while the driving logic, parameter setting and user interfaces  are implemented in Python. Execution 

of parallel applications is also possible using extensions such as PyMPI.  Existing codes are adapted  to 

this paradigm with relatively little effort using tools such as Simplified Wrapper and Interface Generator 

(SWIG)
43

 that help in creating interpreted language bindings.  In this manner, different components can 

use different languages and programming styles, and legacy and newly-written code can interoperate 

seamlessly. In addition to providing support for the execution model, MEMOSA also supplies a 

Subversion repository, a common set of build tools, basic data structures and utilities that are shared by all 

new software being developed.  

 

2.4.1 Key Software Components  

The MEMOSA system consists of the following software components: 

 MEMOSA-FVM, an unstructured solution-adaptive finite-volume solver,
44,45 

which forms the 

computational basis with which to address fluid flow, heat transfer, electro-statics, rarefied gas 

dynamics and charge and species transport in MEMOSA.  

 MEMOSA-MPM, a solver based on the material point method (MPM), which
 
forms the basis for 

the computation of structural deformation and for the incorporation of micromechanical materials 

models.
46

 MEMOSA-MPM and MEMOSA-FVM are coupled using the immersed boundary 

method (IBM).
47

 

 MEMOSA-PFMM, a 3D solver for computing dislocation dynamics for the development of 

micromechanical materials models.  

 LAMMPS, a molecular dynamics solver developed at Sandia National Laboratories,
48

 designed to 

perform very efficiently on parallel architectures, and capable of addressing a large variety of 

atomic, metallic, granular and coarse-grained systems.  LAMMPS is used for atomistic contact 

simulations in PRISM. 

In addition, PuReMD, a molecular dynamics solver using reactive force fields, is being developed for 

the computation of surface reactions at contacting surfaces.
49

A more detailed description of the solver 

is given in Section 5. 
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2.5 Verification and Validation 

PRISM‟s verification and validation procedures mirror those that have been developed by NNSA 

laboratories.
50,51 

The overall verification, validation and uncertainty quantification procedure used in 

PRISM is that defined in Ref. 52, and is shown in Fig. 2.8.  The specific steps are shown in Fig. 2.9. In 

keeping with these procedures,  a phenomena identification and ranking table (PIRT) is developed which 

identifies all critical components of the physics models, numerical techniques and software 

implementation and ranks their importance vis a vis the simulation goal. Based on the PIRT, a verification 

test suite (VERTS) and a validation test suite (VALTS) are developed. Because of the sheer complexity of 

the phenomena being modeled, a 3-tier system is adopted for both VERTS and VALTS. Verification and 

validation tests target single-physics phenomena first, building to phenomena involving two interacting 

phenomena, and finally addressing multiple coupled phenomena at the system-level.  

 Once the PIRT, VERTS and VALTS are determined, code verification is performed. This includes 

verification of numerical algorithms through comparisons with exact solutions, manufactured solutions, 

and tests for symmetry and iterative convergence, among others. Asymptotic convergence tests are also 

performed to establish that the code is yielding the expected solution order. Software quality assurance 

procedures such as configuration management, nightly build and test, and regression testing have been put 

in place. 

 Once a verified code is available, the focus now shifts to the simulation of interest. Solution 

verification is performed to establish mesh independence, and to establish discretization error through 

posteriori error estimation procedures such as Richardson‟s extrapolation. Once this is done, the 

validation procedure begins. Sensitivity analysis and effect screening are first performed to identify the 

most important input variables; this may be done either using a design of experiments approach
53

, or more 

recently, using lower-degree cubature
54

 collocation techniques. A meta-model may then be constructed if 

necessary. Uncertainty propagation techniques are then used, either on the meta-model, or on the original 

model,  to propagate uncertainties in inputs to the outputs. At PRISM, the current focus is to use the 

lower-degree cubatures in Ref. 54 in conjunction with collocation to propagate uncertainty, though other 

techniques are also being investigated. The final step is to determine the overall uncertainty in the final 

result, and to make comparisons with experiments. 

 
 

Fig. 2.7: A schematic showing the principal components of MEMOSA 
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Fig. 2.8: Main steps in the verification, validation and uncertainty quantification 

 

 
Fig. 2.9: Overall verification, validation and uncertainty quantification process 
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3. PREDICTION GOALS AND SIMULATION ROADMAP  

As described in Section 2,   the PRISM center has two 5-year prediction goals. These are: 

 

 The first goal is to predict the mean failure lifetime, as shown in Fig. 2.4, to within one 

order of magnitude of switch lifetime measurements to be made at Purdue. Accelerated 

testing scenarios using higher-than-normal switching voltages will be used.  

 The second goal is to predict critical slopes in the gap-versus-time curves at fixed 

voltage, as shown in Fig. 2.5. 

 

 

3.1 Yearly Simulation Goals 
The 5-year simulation goals for the Center are shown in Fig. 3.1, and are described below. 

 Year 1: In Year 1, there are two focus areas. The first focus is on the simulation of fluid-structure 

interaction in MEMS in the continuum regime for small displacements, that is, without metal-

dielectric contact. The outcome is a prediction of damping coefficient as a function of system 

Knudsen number, with comparisons to experiments performed at Sandia and at Purdue.  The 

second focus is on performing metal-metal and metal dielectric simulations of atomistic contact 

with the potentials available in LAMMPS to determine the pull-out force and contact area 

evolution. 

 Year 2: In Year 2, there are three focus areas. The first is the extension of the fluid-structure 

interaction computations to include electrostatic forces, and thus to predict membrane 

deformation as a function of applied voltage. Again, only small displacements are to be 

addressed. Furthermore, the slip regime for fluid damping is to be addressed. The second focus is 

to simulate dielectric charging for a static metal-insulator-metal (MIM) capacitor with the 

objective of predicting trap charge density as a function of time, voltage and voltage cycling.  The 

third focus area is the computation of metal-dielectric contact through the use of improved 

potentials to predict pull-out force and contact area evolution, and to provide data to the 

development of micromechanical and dielectric charging models. 

 Year 3:  In Year 3, the focus shifts to the simulation of the PRISM device shown in Fig. 2.1, and 

the integration of device-level and atomistic simulations. Year 3 simulations will address device 

simulations with large deformations and metal-dielectric contact.  Dielectric charging models will 

be extended to include contact as well. The fluid damping model will be extended to the rarefied 

 
 

Fig. 3.1: Five-year prediction goals 
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regime through the use of the ES-BGK formalism. The development of models for creep will be 

initiated. 

 Year 4:  In the fourth year, the focus is on full-device simulation under normal operating 

conditions, with the objective of performing multiple cycles of contact. Validation will be 

performed against  measurements of  pull-in and pull-out voltage versus number of cycles made 

at Purdue. Preliminary computations of creep and comparisons with Purdue measurements on the 

PRISM device will be made. 

 Year 5:  In the fifth and final year of the center, the focus is on full-device simulation under 

accelerated testing conditions, with the objective of performing multiple cycles of contact. 

Prediction of device lifetime will be performed and compared to device life-time measurements 

made at Purdue. Gap versus time predictions will be completed and compared to experiments. 
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