
 

Dave Taliaferro 
 
 
OPTI 521 Optomechanical Engineering, Graduate Credit Tutorial  
 
 
 

Integrated Opto-Mechanical Modeling : 
 

Analyzing Wavefront Error due to Structural Vibration 
 
 
 
 
 
Introduction 
 
 
The multi-disciplinary nature of optical systems requires the use of disparate software tools to 
perform engineering analysis. These tools typically consist of CAD, finite-element analysis (FEA), 
math and simulation, optical design, and embedded control system firmware. Integrated Opto-
Mechanical Modeling (IOMM) is the technique of combining these tools to effect system level 
design, performance analysis, and hardware implementation. 
 
Integration is achieved through the exchange of software results between tools. For dynamic 
analysis, data is exchanged between packages through operating system inter-process 
communication links such as shared memory. Most engineering software packages provide some 
standard link for the purposes of data exchange with other programs. 
 
This tutorial presents an application of IOMM to analyze a telescope’s exit pupil wavefront error 
(WFE) due to its structural vibrations. This analysis is “static”, in that no time sequencing or 
feedback loop is implemented in the simulation, but it does demonstrate some of the concepts for 
integrating theory and software to obtain useful results. 
 
For the vibration problem, telescope structure modal frequency information is obtained from the 
FEA, transformed to linear state-space representation in the mathematics and simulation 
software, which is transmitted to the optical design package through a dynamic data link to 
perform ray-trace OPD analysis. By scaling the vibration influence to the linear model so that the 
resultant WFE approaches 2 wavelengths of error, a sensitivity matrix relating motion of critical 
nodes to optical performance is derived. 

 
 



Contents 
 
Introduction 
 
 
Tools used for this analysis 
 
 Nastran 
 
 Matlab\Simulink 
 
 Zemax\Zelink 
 
 
  
Tutorial Problem : Wavefront Error due to Structural Vibration 
 
  

Theoretical and Practical Relationships 
 
  Relations of WFE. pupil coordinates, and equations of motion 
 
  Linear Optical Modeling and State-Space Representation 
 
  Nastran structure FEA modal frequency output 
 
  Matlab nodal state-space representation  
 

Zemax telescope optical prescription 
 
   
Analysis Procedure 
 

 
Setting up a Simulink model to drive Zemax through Zelink 
 
Running the simulation 

 
 
 
 
 
Results and Discussion 
 
 
 
References 

 
 
 



Tools used for this analysis 
 
  Nastran 
 
  Nastran is an industry standard Finite Element Analysis tool. 
 
 
  Matlab\Simulink 
 

This is an industry standard mathematics and simulation tool. For students in 
OPTI 521, no introduction is needed. 

 
  Zemax\Zelink 
 

Zemax is an optical design program. Zelink is a Boeing proprietary tool 
developed by Karl Schrader to provide a link between Zemax and Simulink that 
allows dynamic modeling of optical systems. 
 
The basic concept for Zelink is : 
 

Insert local coordinate break(s) before and after dynamic surface(s). 
 
At each Simulink time step: 

 
inject the new position and rotation into the appropriate 
coordinate break ("unwind" the motion in the coordinate breaks 
following the surface, to ensure no "downstream" surfaces are 
affected). 

 
Trace rays. 
 

Analyze  optical performance : 
 

Centroid 
Aberrations 
PSF 
Image Quality… etc. 

 
 

A key point to make here is that an optical ray-trace program like Zemax is 
necessary for this type of analysis because such programs are well-optimized for 
optical performance calculations; to create the same functionality in Matlab would 
be too much of an undertaking to be useful. By combining Zemax with math and 
simulation tools, a powerful dynamic optical modeling suite emerges. 



Tutorial Problem : Wavefront Error due to Structural Vibration 
 
Space-borne telescopes will experience structural vibrations caused by motion slewing and 
reaction wheels, among other influences. These transient and steady–state disturbances will 
affect the optical system performance; therefore it is essential to determine the vibration 
frequency modes that have the greatest impact on WFE.   
 
To model these effects for a proposed space telescope, a primary mirror segment testbed has 
been constructed that contains piezo-electric actuators bonded to the backplane of the mirror 
segment. By changing the piezo actuator influence to mimic disturbance frequency modal shapes 
and measuring resultant WFE, information on which modes to minimize during structural design 
is obtained.  
 
Additionally, the mirror segment has been modeled in Nastran to provide disturbance simulations 
that produce mirror modal shapes based on structural disturbance frequencies. These modal 
shapes are transformed into linear state-space models in Matlab, which are then injected into the 
Zemax optical prescription for the telescope to obtain the WFE for each mode. There should be a 
numeric and visual correlation between the mode shapes and the wavefront map produced by 
Zemax. 
 
This tutorial presents an outline if that method, the goal of which is to develop sensitivity 
coeffecients for high-order wavefront aberrations caused by structural vibrations. 
 

The sensitivity is defined as the derivative of WFE with respect to nodal position) times the 
change in nodal position : 
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     The WFE (ψ ) sensitivity due to changes in nodal positions. 

 
 
Some additional definitions : 
 
Nodal : represents  the physical system, the displacements and velocities of mirror physical 
nodes; the nodal model is a set of second order differential equations. 
 
Modal : defined as the displacements and velocities of structural modes; the shapes of the mirror 
when subjected to vibrations 
 
State-space : first-order representations of the nodal equations created by defining a state vector 
containing the nodal displacements and velocities; the first order representations express the 
inputs, outputs, and dynamics of the system in a form amenable to computation 

 
 
 
 



Theoretical and Practical Relationships 
 
 
Relations of WFE. pupil coordinates, and equations of motion 
 
(note : Dr. Robert Fuentes wrote the following description, I am not recasting in terms of the linear 
model nomenclature for this assignment due to time constraints, so am providing it here to 
provide context for the subsequent discussions. See comment at end of this section.) 
 

Nomenclature: 

Symbol Definition 
q  structural degree of freedom vector 
η  modal degree of freedom vector 

u  input vector 

w  disturbance vector 
yx,  x and y coordinates of the pupil 

ψ  wavefront error 

Φ  modal transformation matrix 

B  generalized force input matrix 

D  structural feedthrough correction matrix 

Assume we have the following structural system: 

wuB TT Φ+Φ=Λ++ ηηζη &&& , (1a) 

uDq +Φ= η . (1b) 

The wavefront error is a nonlinear function of the pupil (x,y) position and structural 

degree of freedom 
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We wish to approximate the wavefront error in a Taylor expansion about the degree of 

freedom vector.  Let 0q  denote the nominal degree of freedom vector about which we 

will conduct a Taylor expansion.  Then the nominal wavefront error can be “closely” 

approximated in a ball ε<− 0qq , where 0>ε  is sufficiently small, with 

)(),,(),,(),,( 000 qqqyx
q

qyxqyx −⋅
∂

∂
+≅

ψ
ψψ . (2) 

Substituting (1b) into (2) and assuming 00 =q , we have 
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Let kΦ
r

 be the k
th

 column of the modal matrix Φ  and lD
r

 be the l
th

 column of the 

feedthrough correction term D .  Defining the following modal and input contributions to 

the wavefront error, 
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Comment : For the next section describing the state-space representation; 
 

uDq +Φ= η   is redefined as : uDxCy
rv

+=  

 

Where C is the modal transformation matrix, and x
v

 is the modal degree of freedom 

vector (the state vector). 

 

For this analysis, we will obtain the state vector (containing structural node position and 

velocity deltas)  from the Nastran output, and will derive the C vector (the desired 

sensitivities) by scaling the effects of the state vector and observing the resulting WFE. 
 
 
 
 
 
 



Linear Optical Modeling and State-Space Representation 
 
 
From the optical system modal FEA information a state-space representation can be derived 
using Matlab. Among many other uses, this linear optical model lends itself conveniently to 
computer computation because of its matrix nature. 
 
An adequate description of state-space theory is beyond the scope of this assignment, see the 
references for more detail. Suffice to say that it is relatively easy to produce the stat-space model 
in Matlab. 
 
 
The system is described by : 
 
 

uBxAx
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  where the constant matrices 

 

  A = how the state evolves 

 

  B = the disturbances to the system; the piezo actuator influences  

 

C = how the states affect the output; this is the sensitivity matrix we are      

       after 

 

  D = the direct feedthrough term 

 

x
v

 = state vector   u
r

 = disturbance input vector y = output 

 
 
 

Repeating an earlier statement, we will obtain the state vector (containing structural node 

position and velocity deltas) from the Nastran output, and will derive the C vector (the 

desired sensitivities) by scaling the effects of the state vector and observing the resulting 

WFE. 



Nastran structure FEA modal frequency output 
 
 
The mirror segment testbed FEA model has been created using Nastran. Nastran produces state 
vector information in the form of an “.f06 file”, which also contains frequency mode information in 
the form of eigen values. 
 
To translate to state-space form in Matlab, scripts have been written to parse the f06 file and cast 
the state information into Matlab array variables, which are easily manipulated due to Matlab’s 
matrix paradigm. 
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Figure 1: Nastran FEA model for frequency mode 2. Supports and actuator elements are 

shown beneath the mirror segment.



Matlab nodal state-space representation  
 
 
Using a Matlab script to read the Nastran f06 output file, a state vector is produced that contains 
the nodal positions and velocities relating to the frequency mode shapes.. For this analysis we 
are only interested in the positions. 
 
Each column in the state matrix represents a frequency mode. To perform the analysis, we simply 
pass each column into Zemax through the Zelink interface, and either observe the WFE map or 
store the values into an array. By adjusting the scaling of the state vector influences to a WFE of 
2 wavelengths, the sensitivity values are obtained. 
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Zemax telescope optical prescription 
 
 
The Zemax prescription is a modified Hubble design. Note the primary mirror segment in the 
following layout schematics. The segment is imported into Zemax as a user-defined surface, and 
this is what provides the hook for Zelink to pass Matlab state vector disturbance values into 
Zemax, which can then perform a ray-trace on the resultant mirror surface deformations. 
 
 

 
 
 

 



Analysis Procedure 
 
Procedure Outline : 

 

From Nastran model,  

 

Extract system modal information;  

 

Convert to nodal representation (because zelink needs nodes in 6DOF) 

 

Create state-space equation: 

 

uBxAx
vr

& +=   

 

uDxCy
rv

+=  

   

  Pass x
v

 vector to Zemax prescription through Zelink. 

 

  Analyze what happens to WFE due to x
v

 contributions. 

 

  Rescale x
v

 as necessary to get WFE to within 2 wavelengths. 

 

  Repeat for each frequency mode in the state matrix. 

 

 
 
 



Setting up a Simulink model to drive Zemax through Zelink 
 
 
To perform the analysis, a Simulink model is created to obtain the state matrix values as a 
constant from the Matlab workspace. To make the connection between Matlab/Simulink and 
Zemax, the Zelink tool provides a Simulink library block which allows the user to tag the optical 
surface in the Zemax prescription for disturbance input. 
 
 
 
 
 

 

 
 
Figure 4 : The Zelink Simulink library block dialog box showing surface 4 (the primary 
mirror segment) tagged for disturbance input.



Running the simulation 
 
Notice from Figure 5 the Simulink model setup. The state vector is passed to the Zemax 
prescription as a constant block, and Zemax calculates the new OPD (WFE) map from the 
resulting mirror surface deformations. To obtain the WFE due to the disturbances, the reference 
OPD (the unaberrated OPD from an undisturbed system) is subtracted from the Zemax output. 
 
The simulation can be run from the Matlab workspace prompt or by clicking the run button in 
Simulink. 
 
To estimate the gain value for scaling the input, the y translation information is obtained from the 
state matrix. The following plot show the relative magnitude of the y translation : 

 
 
 

 
 
Figure 5 : Y axis translation for the nodal degrees of freedom, refer to script next page 

 
 



Example simulation script  : 
 
 
for mode = 1:mode_count 
 
  
 % c_data is the column from the state matrix variable 
 c_data = [cs(1:10614,mode)]; 
 
 % reshape the state vector into individual components (6 DOF) 
 delta = reshape(c_data,6,length(c_data)/6)'; 
 size(del) 
 
 % get y translation delta 
 max_ydelta(mode) = max(abs(delta(:,2))); 
 
 % Nastran values are in inches; convert to microns for Zemax 
 gain(mode) = 0.0000433/max_ydelta(mode); 
 
 % multiply against the state vector 
 c_data = c_data * gain(mode); 
 
 % run the simulation 
 sim('C:\aaa-zelink\mode\AOSD_113006.mdl',0); 
 
 % from the OPD result, get minmax OPD values to use in next iteration 
 OPD_range(mode) = max(max(yout)) - min(min(yout)); 
 
 % if OPD range is greater than 2 waves error, rescale 
 if (OPD_range(mode) > 2.1) 
  gain(mode) = gain(mode) * 2.1/OPD_range(mode); 
 end;%if 
 
end; %for 
 
 
 
% do another pass using the new gain scaling 
for mode = 1:mode_count 
 
 c_data = [cs(1:10614,mode)]; 
 
 c_data = c_data * gain(mode); 
 
 sim('C:\aaa-zelink\mode\AOSD_113006.mdl',0); 
 
 % plot the results 
 figure;imagesc(yout); 
 title(mode); 
 colorbar; 
 
end;



 
Results and Discussion 
 
The following selected plots show the qualitative correlation between the Nastran modal shapes 
and the resulting WFE maps. (The top plot is from Nastran, the bottom plots were done in Matlab 
from the Zemax data for the OPD maps). 
 
For the modes analyzed, about 80% showed a correlation, the remaining showed residual 
spherical aberration and did not correlate with the mode shapes. This report is being turned in 
before the analysis is complete; further work on characterizing the translation error may provide 
better results. However, the initial results demonstrate the utility of this analysis approach, and 
provide a framework for this report. 
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