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Abstract 
 

Piezo Electric Transducers (PZTs) are precision mechanisms used for single-axis translation by varying 
their input voltage. These devices can be powerful in applications where fine motion, in microns, is required. 
PZTs also have off-axis motion characteristics that affect their intended function of axial-only translation. 
These off-axis motions should be focused on when utilizing PZTs in mechanism design. This paper will 
discuss an application for PZTs as seen in the Focus Control Mechanism (FCM), a mechanism that lives 
inside of the Coronagraph Instrument (CGI) on the Nancy Grace Roman Space Telescope. 
 

Introduction 
 
The objective of the Coronagraph Instrument is to view planets in other planetary systems by decreasing 
the host star’s glare [1]. In the Roman Space Telescope, CGI is located between the Spacecraft Bus and 
the Outer Barrel Assembly. The FCM is part of CGI and assembled on its optical bench, as seen in  
Figure 1. 

 
Figure 1. The Roman Space Telescope, the Coronagraph Instrument (CGI), and the Focus  

Control Mechanism (FCM) 

 
In this instrument, the FCM consists of two stages that allow this mechanism to control the position of the 
Focus Control Mirror along a single axis: the Coarse Stage and the Fine Stage. In the Coarse Stage, a 
geared stepper motor drives a leadscrew which moves the carriage of the FCM for coarse operation. The 
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motion of the carriage translates to motion of the Focus Control Mirror, which is attached to the opposite 
end of the FCM Frame. This stage is used infrequently to correct errors from ground to orbit shifts and static 
errors in masks and filters. The Fine Stage differs because it is used continuously during an observation to 
correct errors due to observatory thermal drift. A stack of three PZTs are bonded mechanically in series, 
and then bonded mechanically into the center of the flexured FCM frame carriage and preloaded to 600 N 
to keep them in compression during launch. Each device also has its own Strain Gauge for displacement 
feedback during operation. Increasing the input voltage to the stack of PZTs, causes displacement in the 
fine stage, which translates to movements in the Focus Control Mirror. The strain gauges on each PZT 
provide feedback on displacement. The position of the carriage remains fixed relative to the frame, and the 
flexures within the carriage bend to move the mirror. To put it into perspective, the Coarse Stage can provide 
1.27 mm of stroke, while the Fine Stage can provide a maximum of 42 μm of stroke at worst case, with a 
requirement of 27 μm for the mission. This paper will dive deeper into the Fine Stage of this Mechanism. 
Figure 2 shows the Flight Model (FM) FCM assembly at the instrument level, with a breakdown of its stages 
and parts. 
 

  
 

Figure 2. A model of the FCM, showing its various components and points of interest. 
 

Requirements 
The FCM Fine Stage has a crucial tip (or elevation) and tilt (or azimuth) crosstalk requirement. Tip is defined 
as rotation about the y-axis, tilt is defined as rotation about the x-axis, and piston is translation about the z-
axis, as shown in Figure 2. This requirement is summarized in Table 1. 
 

Table 1. Focus Control Mechanism Fine Stage Tip/Tilt Crosstalk requirement. 

Stage Requirement 

Fine Stage Crosstalk 
The RSS of the tip and tilt (rotations about Y and X axes in the FCM Optical 
CSYS) crosstalk of the FCM mirror interface over any 14 μm range of the 
fine stage travel of the FCM Mech shall not exceed 1.3 μrad. 

 
The requirement asks for the Root-Sum-Square of the tip and tilt crosstalk over any14 μm range of the full 
stroke of the mechanism, where the full stroke of the Fine Stage is 42 μm. Unfortunately, this requirement 
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was not met by the FCM assembly, causing an investigation and a need for rework. The EDU FCM 
exceeded the requirement by 1.9x, while the FM FCM exceeded the requirement by 3.7x. Prior to 
discussing the investigation and the results, it is important to dive deeper into PZTs and the design of the 
FCM Frame, with a focus on the fine stage flexures. 
 
What are PZTs? 
The piezoelectric effect in PZTs arises from its crystal structure, consisting of alternating layers of lead ions 
and oxygen ions. When subjected to mechanical stress, the asymmetry in the crystal lattice generates an 
electric field, leading to a polarization of the material. Conversely, when an electric field is applied, PZTs 
undergo mechanical deformation, making it an ideal material for transduction between mechanical and 
electrical energy [2]. Fine motion control is essential in various engineering applications requiring precise 
positioning, such as the optical system in the FCM. PZT-based actuators play a crucial role in achieving 
high-resolution motion control due to their fast response times, high precision, and displacement 
capabilities. PZTs operate based on the piezoelectric effect, wherein the application of an electric field 
induces mechanical deformation in the material. This deformation, typically in the form of expansion or 
contraction, results in motion. By controlling the magnitude and polarity of the applied voltage, precise 
control over the displacement of the actuator can be achieved. Moreover, PZT actuators exhibit low 
hysteresis behavior and excellent repeatability, making them suitable for fine motion control tasks requiring 
high accuracy [3]. 
 
FCM Frame Design 
The frame of the FCM, housing the 600 𝑁 preloaded and bonded PZT stack, has several design and 
fabrication specifications that are important. Each side of the frame carriage has 10 flexure blades, a total 
of 20 flexure blades overall, that allow for fine stage motion. The nominal thickness of each flexure blade is 
550 μm and deviations in thickness between any two of the 20 flexure blades shall not exceed 5 μm. Even 
more crucial are thickness deviations between two flexure blades that are symmetric on each side of the 
carriage. For example, in Figure 3, the variations in thickness between 1L and 1R shall not exceed 5 μm. 
 

 
Figure 3. Top view of the Focus Control Mechanism, showing the frame’s fine stage flexure labeling 

scheme used for the tip and tilt crosstalk rework. 
 
This insight into the fine stage flexure design requirements is important in understanding the investigation 
and the rework that brought the tip/tilt crosstalk of the FCM’s fine stage back into the required range. 
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Investigation 
 

In the Fine Stage, the violation of the requirement had two possible sources to investigate. First were the 
differences in flexure blade thicknesses on each side of the carriage. Second and more importantly, the 
fine stage structure was sensitive to how the PZTs were aligned, in a stack to the frame, as well as to one 
another, with the highest sensitivity coming from y-axis misalignment. The motion characteristics of each 
individual PZT were different and were not tested prior to flight integration. A PZT motion characteristic test 
was performed during this investigation, which demonstrated that each PZT had its own tip and tilt 
characteristics and should have been tested prior to flight integration. This phenomenon of the unloaded 
PZTs was unknown previously and was a surprising discovery. If there was prior knowledge of the behavior, 
additional flexure elements would have been added to the design of the Fine Stage carriage to minimize 
the tip and tilt crosstalk violation.  

 
Path Forward 

 
A PZT motion characteristic test was performed with three Flight spare PZTs and three commercial off-the-
shelf (COTS) mirrors to determine whether the transducers had their own tip and tilt characteristics. Each 
PZT was bonded to one COTS Mirror, and the test was performed on three separate PZT-Mirror assemblies 
by driving each PZT to its full range while measuring the tip and tilt. In this set of tests, the PZTs were not 
preloaded as they are in the FCM frame, and the stroke per PZT was ~15 μm. This preload was in place 
for the FCM assembly because PZTs are brittle under tension, therefore, the preload was applied to ensure 
the PZTs stay in compression throughout the life of the mechanism. A preload was not necessary for this 
quick, low cycle, test. The transducers were initially cycled three times from 5 V to 95 V to counter the 
effects of hysteresis before being actuated from 5 V to 95 V in 5 V, 10 V, or 25 V increments, to mimic FM 
testing. Figure 4 shows this test setup with all three PZT-Mirror assemblies. 
 

 
Figure 4. Configuration for the PZT Motion Characteristic Test 

This test demonstrated that each PZT did have its own tip and tilt motion characteristics. Before bonding 
each PZT to the PZT stack and bonding the PZT stack to the FCM frame, a motion characteristic test should 
have been performed to account for this inherent nature of the transducers. The tip and tilt results for this 
PZT Motion Characteristic test are shown in Table 2. 
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Table 2. Tip and Tilt results from the PZT Motion Characteristic Test. 

 Tilt (μrad) Tip (μrad) 
PZT 1 ~68 ~27 
PZT 2 ~90 ~20 
PZT 3 ~58 ~15 

 
When this requirement violation was discovered, the Focus Control Mechanism was already in its 
assembled state (Figure 2) and a disassembly of the PZT stack would have introduced an unacceptable 
schedule hit, a repeat of the test campaign, and an increase in cost. As a result, another solution was 
needed to correct the discrepancy. The path forward for the fine stage tip/tilt crosstalk anomaly was to 
polish the flexure blades on each side of the carriage to compensate for the variation in tip and tilt, 
introduced by the motion characteristics of the PZTs. A closer look at the flexure blades of the FCM carriage 
through analysis guided the rework. An essential aspect of this rework included knowing which part of the 
flexure blade to polish and which flexure blade to focus on.  
 

Analysis: FCM Fine Stage Motion 
 

The FCM’s Fine Stage structure was sensitive to how the PZTs were aligned, with the highest sensitivity in 
the y-axis (Figure 2) and through testing, the PZTs demonstrated their inherent motion characteristics. A 
combination from both these factors contributed to the large tilt (azimuth) discrepancy, and therefore, the 
overall fine stage tip/tilt crosstalk requirement violation. As the preloaded PZTs were actuated with an 
increased voltage input, the stack would bend under extension, causing elastic skewing of the frame, and 
rotation of the optics. This phenomenon is demonstrated in Figure 5. 
 

 

Figure 5. Effect of PZT Bending on FCM Fine Stage Motion 
 

Finite Element Analysis (FEA) showed that tuning the first set of flexures, closest to the optic would have 
the largest effect on rotation. To recall, the differences in flexure blade thicknesses between one flexure 
and its symmetric counterpart contributed to the anomaly. Understanding the effects of differential spring 
stiffness across the carriage helped with the flexure tuning process. Differential forces acted on the flexures 
on each side of the carriage due to this stiffness variation, as shown in Figure 6. 
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Figure 6. Effect of Differential Spring Stiffness on FCM Fine Stage Motion 
 
Reducing the stiffness variation from side to side would bring the tip/tilt crosstalk into the specification range. 
During testing, if the tilt was negative, then the PZT stack was bending towards the right (“R” flexure side 
in Figure 3) under extension, and the stiffness of the left flexures (or “L” flexures in Figure 3) was higher. 
To bring this stiffness down, the left flexures needed to be tuned. With the same logic, if the tilt was positive, 
the PZT stack was bending towards the left under extension, and the stiffness of the right flexures was 
higher. To bring this stiffness down, the right flexures needed to be tuned. 
 

Rework and Results 
 

An autocollimator, an instrument used for taking high precision angle measurements, was used to measure 
the tip and tilt of the Fine Stage prior to tuning, between each tuning iteration, and after the final tuning 
operation. A custom emery board was used by bonding 18-μm aluminum oxide paper on a metal stick to 
tune the flexures in each iteration. This test setup is seen in Figure 7. 
 

 

Figure 7. FCM Rework and Autocollimator test setup (The FCM EDU is shown). 
 
Results Prior to Flexure Tuning 
After each iteration, the RSS of the tip/tilt crosstalk was calculated per the requirement in Table 1. The plot 
in Figure 8 is the initial, pre-tuning measurement for the EDU FCM. The first three cycles are actuations of 
the PZT stack from 5 V to 95 V to counter any hysteresis effects, and the two cycles following are the actual 
measured cycles with voltage increments between the two extremes. 
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Figure 8. Tip (elevation) and Tilt (azimuth) measurements of FCM EDU Fine Stage pre-rework. 
 

The azimuth in the FCM EDU showed a negative tilt, signaling that the L or left, front flexures (Figure 3) 
had to be tuned to bring the tip/tilt crosstalk into spec and reduce the stiffness on the left side of the carriage. 
Fine stage tuning was performed on flexures 3L to 5L. The opposite was true for the FCM FM unit, which 
is seen in the plot in Figure 9. 
 

 

Figure 9. Tip (elevation) and Tilt (azimuth) measurements of FCM FM Fine Stage pre-rework. 
 

The azimuth in the FCM FM unit showed a positive tilt, signaling that the R or right, front flexures  
(Figure 3) had to be tuned to bring the tip/tilt crosstalk into spec and reduce the stiffness on the right side 
of the carriage. Fine stage tuning was performed on flexures 1R to 5R with a focus on 1R to 3R. The 
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numerical values of the baseline tip and tilt measurements for the full stroke, and the RSS of the tip/tilt cross 
talk over any 14-μm range, are shown in Table 1. 
 

Table 3. FM and EDU FCM Fine Stage Tip/Tilt Crosstalk results prior to rework. 
FCM Unit Stage Tilt (𝝁𝒓𝒂𝒅) – 

FULL STROKE 
Tip (𝝁𝒓𝒂𝒅) – 

FULL STROKE 
RSS of Tip/Tilt Crosstalk 

(𝝁𝒓𝒂𝒅) – over any 14μm range 

EDU Fine −7.8 𝜇𝑟𝑎𝑑 −1.7 𝜇𝑟𝑎𝑑 2.5 𝜇𝑟𝑎𝑑 
FM Fine 14.1 𝜇𝑟𝑎𝑑 2 𝜇𝑟𝑎𝑑 4.8 𝜇𝑟𝑎𝑑 

 
Referencing the requirement in Table 1, both the FM and EDU FCM violated the Fine Stage tip/tilt crosstalk. 
The EDU FCM exceeded the requirement by 1.9x, while the FM FCM exceeded the requirement by 3.7x. 
 
Tuning Process 
As mentioned previously, the FCM EDU left fine stage flexure blades needed to be tuned to correct the 
error. Unfortunately, as seen in Figure 7, the PZT harness of the EDU interfered with the ability to tune the 
first set of flexures, therefore, flexures 3L through 5L were tuned to accommodate for this. The risk of 
breaking any of the PZT pigtail wires was alleviated with this strategy. The difference between an un-tuned 
flexure and a tuned flexure (4L) is shown in Figure 10. 

 

 
Figure 10. 1-mm scaled, fine-tuned flexure blade on the FCM EDU (left – top flexure blade), 1-mm un-

tuned flexure blade on the FCM EDU (left – bottom flexure blade) and zoomed out image of the fine tuned 
and un-tuned flexure blades (right). 

 
Striations from the aluminum oxide paper can be seen in the tuned flexure blade, as opposed to the un-
tuned flexure blade. Each flexure blade was also polished with a finer aluminum oxide paper following the 
tuning to clean up the surfaces and reduce the surface friction. 
 
The harnessing technique for the FM unit allowed for easier access to the first few flexures from the optic, 
1R to 5R, with a focus on 1R to 3R. The reduction in flexure blade thickness prior to the rework and after 
the rework can be seen in Figure 11. 
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Figure 11. FCM FM pre-tuning flexures 1R to 3R (left images) and FCM FM post-tuning flexures 1R to 3R 

(right images). 
 
Following the rework, flexure blade 1R had an average thickness of 0.47 mm and a ~0.07 mm reduction in 
thickness. Flexure 2R had an average thickness of 0.46 mm and a ~0.08 mm decrease in thickness. Flexure 
3R had an average thickness of 0.47 mm and a ~0.07 mm reduction in thickness. All of these were 
measured relative to flexure 1L, an un-tuned flexure on the opposite side of the carriage. These results are 
summarized in Table 3. 
 

Table 3. FM FCM flexure thickness post-rework (1R to 3R) with flexure 1L shown as reference. 

Flexure Blade Number Average Thickness 
(𝒎𝒎) 

Change in Thickness 
(𝒎𝒎) 

1R 0.4683 ~0.0702 
2R 0.4575 ~0.081 
3R 0.4712 ~0.0673 

1L (REF – not reworked) 0.5385 N/A 

 
These measurements fell outside of the fine stage flexure design requirements because the deviations in 
thickness between any two of the 20 flexures did exceed 5 μm. However, this design requirement was set 
without the assumption of the PZT motion characteristics, errors in PZT bonding and PZT stack bonding to 
the frame. The functional requirement of the FCM in the ROMAN-CGI took precedence over the design 
requirement in the drawing, which was written to satisfy the tip and tilt crosstalk of the mechanism. 
 
Final Tuning Results 
The rework method to correct the Fine Stage tip and tilt crosstalk of the FCM was successful for both the 
FM unit and EDU. A rework of the EDU was performed prior to the FM unit to prove the success of the 
method and to reduce risk. The FM unit had a larger discrepancy against the requirement than the EDU 
initially, but both were corrected. Figure 12 shows the plot of the corrected FCM EDU. 
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Figure 12. Tip (elevation) and Tilt (azimuth) measurements of FCM EDU Fine Stage post-rework. 
 

The reduction in stiffness from the left side of the carriage, as the analysis showed, resolved the crosstalk 
issue in the Engineering Development Unit. The azimuth of the FM unit following the corrective action was 
reduced by almost 14x. There was a reduction of stiffness from the right side of the carriage as opposed to 
the left here. The plot for the FM unit, post rework, is shown in Figure 13. 
 

 

Figure 13. Tip (elevation) and Tilt (azimuth) measurements of FCM FM Fine Stage post-rework. 
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The full stroke tilt and tip of the EDU were measured as 1.5 μrad and 1.8 μrad, respectively, and the RSS 
of the tip and tilt crosstalk over any 14 μm range was 0.7 μrad. The full stroke tilt and tip of the FM unit were 
measured as 2.9 μrad and 1.3 μrad, respectively, and the RSS of the tip and tilt crosstalk over any14 μm 
range was 1.1 μrad. These results are summarized in Table 4. 
 

Table 4. FM and EDU FCM Fine and Coarse Stage Tip/Tilt Crosstalk results post-rework. 

FCM Unit Stage Tilt (𝝁𝒓𝒂𝒅) – 
FULL STROKE 

Tip (𝝁𝒓𝒂𝒅) – 
FULL STROKE 

RSS of Tip/Tilt Crosstalk 
(𝝁𝒓𝒂𝒅) – over any 14μm range 

EDU Fine 1.5 𝜇𝑟𝑎𝑑 1.8 𝜇𝑟𝑎𝑑  0.7 𝜇𝑟𝑎𝑑 
FM Fine 2.9 𝜇𝑟𝑎𝑑 1.3 𝜇𝑟𝑎𝑑 1.1 𝜇𝑟𝑎𝑑 

 
The rework proved to be successful, and both units satisfied the requirement of the Fine Stage tip and tilt 
crosstalk (Table 1). 
 

Conclusion and Lessons Learned 
 

The tip and tilt crosstalk requirement of the Focus Control Mechanism’s Fine Stage were not met due to 
the off-axis motion characteristics of the Piezo Electric Transducers that affected their intended function of 
axial-only translation. To avoid repeating the test campaign, increasing the cost, and increasing the 
schedule, the correction had to be made without disassembling the stack of three PZTs from the FCM. The 
solution was to focus on the structure of the mechanism, understand the design intent of the flexures and 
PZT on the fine stage, and find a path forward. Fine tuning the flexures with iterations and testing the PZTs 
to accommodate their motion characteristics guided in resolving the tip and tilt crosstalk anomaly of the 
Fine Stage and bringing it back into its specifications.  
 
There are several lessons learned from the FCM violating its Fine Stage tip and tilt crosstalk requirement, 
and the following design and assembly changes in the FCM could have prevented the anomaly and a need 
for a rework. When designing and assembling the FCM with the PZTs, it was crucial to take their alignment 
with one another and the surrounding structure into consideration. Tighter alignment control was necessary 
during assembly when the PZT stack was bonded together to avoid a violation from their intended function. 
Structures, especially those with flexures, are sensitive to how PZTs are aligned. These transducers have 
their own motion characteristics that contribute to alignment errors, and in the case of the FCM, tip and tilt 
alignment errors. Their individual motion characteristics should have been tested and incorporated into the 
design, especially for flight. Unfortunately, this tip and tilt of the unloaded PZTs was surprising and unknown 
to the team previously. If there was knowledge about this behavior, additional flexure elements would have 
been added to the design to minimize it, because a larger quantity of flexures would have reduced the 
stiffness variation from side to side and would bring the tip and tilt into the required range. 
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