
ABSTRACT 
 
 

ZDANOWICZ, ERIK MARK.  Design of a Fast Long Range Actuator – FLORA II.  
(Under the direction of Jeffrey W. Eischen.)  
 

 
The objective of this research was to develop a new way of machining Non-Rotationally 

Symmetric (NRS) surfaces.  NRS optical surfaces have traditionally been machined using 

very slow spindle speeds and actuators with a range on the order of hundreds of microns.  

This meant that a very long time was required in order to achieve a high quality NRS 

optical surface.  A Fast Long Range Actuator (FLORA I) has already been constructed at 

NC State University’s Precision Engineering Center with a goal of machining NRS 

surfaces with a sag of ± 2 mm at 20 Hz.  For the surface to have the same quality as 

conventional diamond turning machines the surface must have a form error of less than 

150 nm peak to valley and a surface finish of 5 nm RMS. 

 

The existing FLORA I system consist of a triangular aluminum honeycomb piston 

supported by orifice type air bearings and driven by a linear motor.  While machining 

with FLORA I has had success, the system package is large when compared with the size 

and path of the diamond tool.  FLORA I has an observed spurious 200 nm vertical 

vibration which has an adverse impact when machining precision surfaces. 

 

Therefore, the goal of the research presented in this thesis is a new actuator (FLORA II) 

designed to address the limitations of its predecessor.  The FLORA II package will be 

smaller and lighter than FLORA I while maintaining air bearing stiffness and improving 

system dynamics.  This will be accomplished through structural mechanics and dynamic 

analysis using computer simulation supplemented with experimental testing and 

validation. The procedure described in this thesis will allow the FLORA II to produce 

high quality NRS optical surfaces from a small, lightweight system. 
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1 INTRODUCTION 
 

1.1 Background  

The machining of high precision, optical quality surfaces has increased in demand due to 

the use of such surfaces in more common products in industry.  Single point diamond 

turning has proven to be a method capable of producing optical quality surfaces at a 

fraction of the time traditional methods of grinding and polishing takes.  Some 

applications where diamond turned surfaces have been implemented include infrared 

optics, computer memory disks, contact lenses, lens molds, print drums, scanner mirrors, 

transducers and optical sensors [1].  Some of the surfaces listed are machined flats or 

rotationally symmetric geometries such as concave or convex spheres.  However, some 

surfaces such as the contact lens molds have features which are nonrotationally 

symmetric.  Nonrotationally symmetric (NRS) surfaces introduce a higher level of 

difficulty in the machining process in order to maintain the surface finish and form error 

precision surfaces require.  The benefit of the NRS surface is that one smaller surface 

with a number of off axis features has the ability to replace a larger cluster of rotationally 

symmetric surfaces.   It was the ability to improve the machining of these NRS surfaces 

that was the motivation for this project. 

 

A recent fast tool servo (FTS) has been developed at the University of North Carolina at 

Charlotte.  This system consisted of a flexure mechanism for support, voice coil motor, 

an amplifier and control system [2].  The FTS was designed to operate at frequencies up 

to 140 Hz with a maximum stroke of 2 mm.  Damping was also introduced to this system 

to investigate the effect on surface finish.  A part was machined which had five 5 µm 

lobes evenly spaced.  The authors reported observing 20 to 30 nm Ra
 for small amplitudes 

and up to 40 nm Ra for larger amplitudes.  While this system was successful, the 

operational stroke for the provided results was small with a large surface finish. 
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An older FTS which was developed at the University of Tennessee in 1983 did not 

achieve as good of results as the FTS previously discussed but it did employ different 

components.  This fast tool servo utilized an auxiliary slide supported by air bearings and 

driven by a linear motor [3].  The system had three inches of travel and employed the use 

of porous air bearings.  Surface finish measured from a test part indicated 7 µin RMS 

surface finish near the part center and 60 µin near the outside edge.  These surface errors 

are large, but the concept of using air bearings to support an auxiliary tool slide inside of 

a housing is attractive. 

 

The diamond turning machine (DTM) which this project is designed for at North 

Carolina State University’s Precision Engineering Center (PEC) is a Rank Pneumo ASG-

2500.  An illustration of the DTM with spindle can be seen in Figure 1-1.  This DTM 

consists of a rotary spindle which resides on an axis capable of translation in the direction 

of the axis of rotation (Z-direction).  The X-Z stage on which the diamond tool and 

mounting structure is held is capable of motion in the X-direction which is perpendicular 

the rotation of the spindle (Z-direction).  The DTM has no height adjustment (Y-

direction), this is left up to the structure on which the diamond tool is mounted. 

   

 
 

Figure 1-1.  Diamond turning machine (DTM) coordinate system [4]. 
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The setup shown in Figure 1-1 is the most common used for diamond turning of flat and 

rotationally symmetric surfaces.  For a flat, the tool direction slide is held constant and 

the diamond is simply moved from the center of the rotating work piece to the outside to 

machine the entire surface.  To machine a rotationally symmetric concave or convex 

sphere, the diamond tool once again starts in the center and moves to the outer edge of 

the work piece while the tool direction slide simultaneously moves slowly.  This can be 

seen in Figure 1-2. 

 
 

Figure 1-2.  Tool motion for rotationally symmetric machining. 
 
As a comparison, the machining of a NRS surface can be easily understood by observing 

a tilted flat.  A tilted flat is a cylinder which has a flat cut which is not perpendicular to its 

axis.  An image of a tilted flat is shown in Figure 1-3. 

 

 
 

Figure 1-3.  Image of NRS tilted flat. 
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To diamond turn a NRS surface, the structure holding the diamond tool must also have a 

slide capable of high speed oscillation since the DTM slide is too slow.  An image 

explaining the need for the servo slide can be seen in Figure 1-4. 

  

 
 

Figure 1-4.  Tool motion while machining a NRS tilted flat surface. 

 
As can be seen in Figure 1-4 every time the tilted flat rotates 180° the low side of the 

tilted flat will rotate and the tool will have to machine the high side.  The change in 

distance from the low side to the high side is represented as δ.  The tool will move from 

the center to the outside of the work piece so δ is a function of distance from the center of 

the work piece to the tools current position.  Also, the tool must be able to respond fast 

enough to keep up with the rotation of the part. The Z-axis on standard DTM is not 

capable of motion at such high speed, necessitating use of a Fast Tool Servo. 

 

The implementation of a Fast Tool Servo (FTS) meant an additional Z-axis slide would 

be added to drive the diamond tool.  Necessary components of such a system would be a 

fast-response tool slide, control system, and position sensors [4].  The tool slide must be 

capable of operating at high speeds while following the programmed tool path.  Each 

unique NRS surface would have a programmed surface file and the tool-slide position 
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would depend on the radial position as well as the angular position of the work piece.  

Therefore the tool-slide position sensor must have a high resolution and the tool must be 

held stiff enough to ensure surface qualities similar to machining rotationally symmetric 

parts with a stationary tool post.  The tool-slide must also have enough travel to displace 

the maximum δ as shown in Figure 1-4.  There have been different FTSs designed at the 

PEC already which have had variable ranges and operating frequencies, but the focus of 

this thesis is to replace the most current design, the FLORA I.  A new system should 

machine NRS surfaces, such as the contact lens mold shown in Figure 1-5, with the same 

surface characteristics as rotationally symmetric parts. 

 
Figure 1-5.  Contact lens mold measured with POLARIS machine at PEC.  Graph provided by Ken 

Garrard of PEC.  Sphere removed and only NRS features (for alignment on eye, astigmatism…) remain. 
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1.2 FLORA I 

The first generation Fast Long Range Actuator (FLORA I) was designed and built in a 

cooperative project between NC State and Precitech sponsored by NASA in 2005 [5].  

An image of FLORA I is shown below in Figure 1-6.  This system was modified 

extensively by Qunyi Chen [6] with an improved controller, position encoder and motor 

amplifiers.   

 
 

Figure 1-6.  FLORA I fast tool servo [6]. 
 

This system consists of a three phase linear motor that drives a triangular honeycomb 

piston.  The piston is supported on all three sides by orifice type air bearings.  The 

triangular piston has a tool holder for a diamond tool opposite the motor end.  Position is 

measured with a glass scale encoder attached to the piston. The scale and encoder are 

what inform tool position so that the controller can compensate for any error.  There are 

also limit switches at the rear of the housing which determine if the piston has traveled 

out of its programmed range.  If this happens, the limit switch shuts off power to the 

motor to protect the tool from crashing into the work piece.  The system shown in 

Figure1 is attached to a large aluminum base plate to allow for height adjustment.  A 

counterbalance can be attached to this base plate behind FLORA I to improve 

performance.   
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While FLORA I has been successful in machining NRS surfaces, it does suffer from 

some limitations.  First of all, a 200 nm spurious vertical vibration has been observed at 

the tool tip.  This could be a factor as to why FLORA I cannot create surfaces with a 

finish equivalent to a standard stationary tool post.  FLORA I also suffers from sheer 

size.  The weight of FLORA I along with the base plate it is attached to is approximately 

50 lbs.  Two people are required to safely move the FTS around the lab.  Not only is the 

weight a factor, but the dimensions are extremely large.  The FLORA I itself is 11.5” 

long by 8” wide by 5” tall.  With the addition of the aluminum base plate these 

dimensions increase to 16.5” long by 12” wide by 8” tall.  Many manufacturers of 

diamond turned parts put multiple tools on the same machine.  This means a larger 

system will take up more space at the cost to the manufacturer and the customer.  A 

smaller and more stable system would ensure the production of high quality optical 

surfaces at a minimal production cost.           

        

1.3 Problem Statement 

As stated earlier, the FLORA I system is a fast tool servo capable of machining NRS 

surfaces with a total stroke of 4 mm at 20 Hz.  However, it has been seen that FLORA I 

suffers from some shortcomings that hamper its effectiveness.  To accommodate these 

limitations, FLORA II, is to be designed.  The target performance of the FLORA II is to 

machine a NRS optical surface with a 5 nm surface finish and ¼ wave form error.  This 

performance should be achieved while operating up to a stroke of 4 mm at 20 Hz.  

Another important goal of this design is to decrease the size of system.  The diamond tool 

is very small and the dynamic stroke is only 4 mm.  The dimensions of FLORA I are 50 

to 100 times that volume.  A more compact machine tool will be easier to transport and 

setup as well as allow for multiple fast tool servos (FTSs) on single machines.  The 

application of FLORA II to machining NRS surfaces will dramatically reduce the 

machining times of current technologies while maintaining the same optical quality 

expected from a stationary tool post.  



 8

2 AIR BEARINGS 
The air bearings were a critical part of the design of FLORA II.  Air bearings are what 

support the piston and ultimately the tool.  This is accomplished using a thin, pressurized 

air film.  A diagram of a typical FTS can be seen below in Figure 2-1. 

 

 

 
 

Figure 2-1.  Air path for FTS. 

 

It can be seen in Figure 2-1 that pressurized air is feed into the housing and creates a gap 

between the housing and the piston.  This air film then has a stiffness which relates the 

amount of force required for a certain deflection.  The stiffness of the air film is an 

important consideration in the design and will be discussed later.   

 

Air bearings have many advantages over traditional roller or ball bearings.  There is no 

contact between the bearing and piston which means they are virtually frictionless.  Since 
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there is such little friction very high speeds are capable between the bearing and piston.  

Again, because there is no contact, wear is no longer an issue.  This combination of 

effects makes air bearings an attractive alternative to traditional rolling contact bearings.  

 

The type of bearings used for FLORA II is called hydrostatic air bearings.  Hydrostatic 

implies that motion between the two bearing surfaces is not required for operation.  This 

means the piston can sit in the housing without moving and the bearing will still be 

effective.  There are many different factors that affect how stiff the air film is in a 

hydrostatic bearing such as air gap and pressure as well as the diameter and length of the 

plenum.  The plenum is the passage which feeds air from the outside of the housing to the 

air gap.  These factors must be considered carefully when designing an air bearing in 

order to achieve the desired stiffness.   

 

On the other hand, hydrodynamic bearings require the motion of one bearing surface to 

be effective.  An example of this is a shaft in a journal bearing.  There is a layer of oil 

between the inner surface (the shafts outer diameter) and the outer surface (the journals 

inner diameter).  When the shaft is not spinning, gravity will force the shaft to come into 

contact with the bottom of the journal.  However, when the shaft begins to rotate, a 

velocity field is created in the fluid resulting in a pressure field.  The pressure field 

between the shaft and journal is what supports the shaft.  This type of bearing cannot be 

used in the FTS application because of its complexity and reliance on motion.  

Hydrostatic air bearings are to be employed on FLORA II. 

 

2.1 FLORA I Bearings 

To design an effective air bearing system for FLORA II, the air bearings in FLORA I 

were examined to gain insight for improvements.  FLORA I uses orifice type air bearings 

which utilize a series of holes or orifices to deliver pressurized air to the gap.  This 

configuration is seen in Figure 2-2. 
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Figure 2-2.  Orifice type air bearing. 

 

Figure 2-2 shows the air flow represented by arrows being fed through the orifices to the 

pressurized air film.  Orifice type air bearings do have advantages.  First of all, there has 

been much research done with this type of air bearings which means there is a simplified 

design process.  Achieving a desired stiffness is as simple as following a documented 

number of steps.  However, orifice type air bearings are difficult to apply.  The orifices, 

which are very small, have to be drilled into the housing as they have been in FLORA I.  

The clearance for the air gap must also be machined into the housing.  The air gap is on 

the order of microns which requires highly precise machinery.  From a design and 

application view, orifice type air bearings do not seem to be an attractive air bearing 

system for continued use on FLORA II. 

 

The application of orifice type air bearings may be difficult but their behavior is 

ultimately the most important characteristic.  Upon examination of orifice type air 

bearing performance it was found that large pressure gradients occur around the 

individual orifices.  An image of this uneven pressure distribution can be seen above in 

Figure 2-3.   
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Figure 2-3.  Orifice type air bearing pressure distribution [9]. 
 
These pressure spikes can become troublesome if the piston pitches (rotates) causing an 

unbalance which can lead to the piston crashing into the housing.  If a crash occurs and 

the piston is laying flat across the orifices, the force trying to elevate the piston back is on 

the area of the orifice [8].  This can be a problem if the orifices are very small compared 

with the size of the piston.  While orifice type air bearings can be simple to implement, 

the uneven pressure distribution can cause the system to have undesirable features.    

 

As stated in the FLORA I section, a 200 nm vertical vibration has been observed at the 

tool tip of FLORA I.  It is believed that this vibration has been induced by the non-

uniform pressure distribution in FLORA I’s orifice type air bearing.  A series of dynamic 

position measurements were taken in order to attempt to identify this vibration while 

other types of hydrostatic air bearings were examined as replacements for the orifice type 

air bearing. 

 

2.1.1 FLORA I Observed Motion 

To understand why FLORA I was not able to achieve the goal of a 5 nm surface finish, 

measurements were taken with a Lion Precision DMT 310 capacitance gage at different 

points of the FLORA I piston.  These displacements were measured with respect to time 

and provided the vibration frequencies.  The results were then interpreted to explain the 

cause of the disturbances and prevent them from occurring in FLORA II. 
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Before the results are shown, it is helpful to explain the nomenclature used.  

Measurements were taken in three directions on the piston of FLORA I.  The coordinate 

system describing the directions on FLORA I can be seen in Figure 2-4. 

 
 

 
 

Figure 2-4.  Coordinate system for FLORA I measured motion. 

 

Figure 2-4 shows the coordinate system, during actual measurements, the FLORA I 

piston sat inside the housing just as it would during machining circumstances.  It should 

also be noted that Figure 2-4 depicts a piston and tool holder setup schematically, but not 

exact to FLORA I.  Another aspect of the measurements that needs to be explained is the 

location of the measurement target on the piston.  First of all, a flat target was attached to 

the tool tip of the tool holder to provide a surface for the capacitance gage to measure 

vibration in the vertical direction.  This arrangement includes the effects of the tool 

holder stiffness.  Measurements were then taken on the piston faces to exclude the effect 

of the tool holder.  This way, the coupling effect of the piston and tool holder can be 

isolated and examined.  Figure 2-4 illustrates the difference between the tool tip of the 
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tool holder and the piston faces.  The coupling effect is an issue because the piston 

assembly is composed of a piston, tool holder, and motor mounting bracket.  There is an 

associated stiffness with each of these components.  A model of this can be seen below in 

Figure 2-5.   

 

   
 

Figure 2-5.  Stiffness model of FLORA I moving mass. 
 

Also, since no piston faces line up directly normal to the horizontal direction, a target was 

placed on the top face with its surface parallel to the vertical direction.  This allowed for a 

horizontal measurement on the piston face. 

 

The purpose of this study is to examine the frequencies at which the FLORA I piston 

responds and the magnitude of this response.  Low mode frequencies with large 

amplitudes are unwanted and can seriously degrade the performance of the system.  If 

any of these frequencies are excited during machining, the position of the tool could 

deviate significantly from its desired position, especially if the excitation frequency is the 

same as one of FLORA I’s natural  frequencies.  This would result in resonance.   
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Figure 2-6.  Vertical motion measurement on piston face. 

 

Figure 2-6 shows the measurement for vertical motion on the piston face.  It can be seen 

that a series of brackets were used to position the capacitance gage in the correct location.  

The resonant frequency of this structure was also tested to ensure none of its natural 

frequencies were seen in the measurements on FLORA I.  The signal from the 

capacitance gage was output to a Stanford signal analyzer which was used to generate 

displacement versus time plots as well as Fast Fourier Transforms (FFT).  The 

displacements versus time plots describe the time response whereas the FFT computes 

the discrete frequency spectra of individual signals as well as cross-spectra between the 

input and the different output signals [10].  These analytical tools will allow an accurate 

investigation into the sources of vibration in FLORA I. 
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Before getting into the measurements of FLORA I, an issue that arose during these 

experiments must first be discussed.  When the measurements first began, the readout of 

the signal analyzer repeatedly gave a mode frequency at 60 Hz which had an extremely 

high magnitude.  It was first thought that this is simply an error having to do with the 

electronics of the capacitance gage.  The gage was tested at another location and the 60 

Hz frequency disappeared.  Then it was thought that the 60 Hz was coming from 

improper grounding of the target surface to be measured.  Again this source was 

determined not to be the cause of the 60 Hz frequency.  It seemed as though 60 Hz was 

too low of a frequency to be associated with such a small and stiff structure.  Another 

source that was suggested was the AC voltage from the wall socket next to FLORA I.  

Electronics connected to FLORA I could be receiving noise from the wall socket.  But 

before this was investigated further, FLORA I’s height adjustment method was noticed.   

 

 

 
 

Figure 2-7.  FLORA I cantilever height adjustment. 
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Figure 2-7 shows the method used for the height adjustment of FLORA I.  FLORA I is 

first bolted to an aluminum base plate with the air bearing piston housing sitting off the 

edge like a cantilever.  Next, a height adjustment bolt is placed underneath the 

cantilevered section of FLORA I.  The cantilevered end can then be moved upwards by 

counterclockwise rotation of the bolt or downward by clockwise rotation.  The idea of 

deforming the structure for height adjustment does not seem like a favorable way to 

adjust the height of the tool tip.  Also, only one bolt is used in the center of FLORA I’s 

width.  Stability is compromised with this arrangement and the structure could be prone 

to roll.  Whatever affects this type of height adjustment have on FLORA I, it is clearly 

not an attractive method of height adjustment and should not be considered for the design 

of FLORA II.   

 

Now that FLORA I’s height adjustment is understood, the 60 Hz frequency can be easily 

explained.  This frequency originated in the cantilevered section of FLORA I.  For the 

test, the height adjustment bolt was not present so there was no support under the 

cantilever.  The mass of the housing above coupled with the low stiffness of cantilevers 

lead to this 60 Hz peak.  Blocks and foam were placed underneath the cantilevered 

section for support and the 60 Hz peak was eliminated.  This setup was then used for the 

rest of the measurements.  While this may not seem relevant, it turned out to be a 

valuable lesson that no matter how much effort goes into design, overlooking one aspect 

can destroy the performance of the system.   

 

The dynamics of FLORA I can be examined now that the experiment has been setup 

correctly.  The first measurement was with the air off in the bottom and top housing in 

order to get a base reading of the capacitance gage and add a control element to the 

experiment.  Rubber bands were then used to hold the piston in place while readings were 

taken.  Next, the piston was held in place using the motor and more readings were taken.  

Again, this was done to isolate the effect of the motor on the position of the tool.  Finally, 
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the piston was excited using an impact to further observe the dynamics of FLORA I.  

This data was then analyzed to determine coupled modes and their impacts.   
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Figure 2-8.  Horizontal motion of the tool tip with no pressure on the air bearing. 

 

Figure 2-8 is the base reading of the FLORA I piston with the air bearings turned off.  

This means the piston is simply resting against the bottom of the housing which is much 

stiffer than the pressurized air film the bearings provide.  It can be seen that the cap gage 

appears to have approximately 10 nm of motion which is measurement noise.  It is known 

to be noise because there is nothing registering on the lower FFT plot.  The next step was 

to turn the air on and observe the motion of the piston coupled with the air bearing.  This 

can be seen in Figure 2-9 where the piston is held by the rubber band and the horizontal 

motion is measured. 
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Figure 2-9.  Horizontal motion of the tool tip with the piston held by rubber bands and the air bearings 

pressurized. 
 
Figure 2-9 shows that the horizontal motion at the tool tip is approximately +/- 150 nm 

with natural mode frequencies at 600 Hz, 1200 Hz, and 3200 Hz.  It can be seen that the 

lowest mode, 600 Hz, has the largest magnitude which means this mode is causing most 

of the unwanted disturbance.  It is also undesirable to have this prominent mode at such a 

low frequency.  Next, the piston was held in place by using the motor and controller.  The 

observed motion is shown below in Figure 2-10. 
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Figure 2-10.  Horizontal motion of the tool tip with the piston held by motor and the air bearings 

pressurized. 
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The motion in Figure 2-10 looks similar to that of Figure 2-9 except the modes are shifted 

in frequency.  The motion still appears to be +/- 150 nm but the mode frequencies are 

now at 600 Hz, 1000 Hz, 1300 Hz, and a small peak at 2100 Hz.  The increase in stiffness 

between the motor and the rubber bands has seemed to have an effect on the dynamics of 

FLORA I’s moving mass.   

 

Now the same procedure can be carried out to measure the motion in the vertical 

direction and the tool direction.  The motion measured at the tool tip is provided in Figure 

2-11 and Figure 2-12 in both directions as a comparison to Figure 2-10 with the piston 

held by the motor and the air bearings pressurized.   
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Figure 2-11.  Vertical motion of the tool tip with the piston held by motor and the air bearings on. 
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Figure 2-12.  Tool direction motion of the tool tip with the piston held by motor and the air bearings on. 

 

Figure 2-11 shows the vertical motion of the piston at the tool tip.  This is the vertical 

vibration that was discussed in the problem statement.  The +/- 100 nm vibration is 

clearly visible as well as the frequencies at which these vibrations take place.  Figure 

2-12 shows the motion in the tool direction.  It can be seen that this motion is much larger 

than in the horizontal and vertical directions.  This is expected since the piston is 

supported by the air bearings in the horizontal and vertical direction.  Only the motor is 

holding the piston in place in the tool direction.   

 

The measurements taken from FLORA I can be analyzed to determine their origin and 

how they can be avoided in the design of FLORA II.  A table of the observed frequencies 

and corresponding directions can be seen in Table 2-1. 

 
Table 2-1.  FLORA I observed motion with air bearing on. 

 

encoder 650 (0.5) 1000 (0.75) 2000 (0.6) 2300 (0.25)
cap gage (piston) 650 (13) 1300 (4.0) 2100 (1.0) 2300 (1.0)
cap gage (tool tip) 650 (6.0) 1500 (31) 2000 (8.0) 2200 (5.0)
cap gage (piston) 650 (3.0) 1000 (4.5) 1900 (5) 2200 (3.0)
cap gage (tool tip) 900 (8.0) 1000 (8.0) 2000 (10) 2300 (7.0)

Horizontal Direction cap gage (tool tip) 600 (26) 1000 (14) 1300 (13) 2100 (3.0)

Tool Direction

Vertical Direction

Frequency (Hz), Magnitude (nm)
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Table 2-1 shows the natural mode frequencies measured in different directions and at 

different locations along the moving mass.  The row marked encoder is the position read 

directly from the glass scale mounted on the piston by the encoder.  Generally, the mode 

frequencies seem to line up relatively well in the different directions.  This strong 

correlation implies that these frequencies are in fact real.  This is an interesting result 

because FLORA I was designed to have a fundamental natural frequency of the piston 

coupled with the air bearing at 2111 Hz [5] and while this frequency does exist, it is not 

the first observed.  The analysis of the FLORA I piston was conducted with just the 

piston itself, no coupling between the motor bracket and tool holder were taken into 

account.  This, along with the non-uniform orifice type air bearing pressure distribution, 

is believed to be the cause of the significant difference between the predicted motion and 

the observed motion.  The design of FLORA II must include an analysis of the entire 

moving mass, not just the piston, to fully understand how the system dynamic response. 

 

2.2 Porous Carbon Air Bearings 

It has been seen so far that the orifice type air bearings in the FLORA I housing caused 

unwanted vibration.  Therefore, it was imperative to find a new approach to supporting 

the piston while maintaining high stiffness and accuracy.  The solution came in the form 

of porous carbon air bearings manufactured by New Way Air Bearings [11].  These 

bearings are made of a porous graphite material which has millions of very small pores 

much like a sponge.  Because the entire surface of the bearing is covered with these small 

pores, the flow out of the bearing is much more uniform than orifice type air bearings.  

This is illustrated below in Figure 2-13.   
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Figure 2-13.  Porous carbon air bearing held under water to show air flow [8]. 

 

The round bearing shown in Figure 2-13 is held under water to help demonstrate how the 

air flows out of the entire surface of the bearing, not just around a centralized region.  

This means the pressure distribution will be much more uniform than the orifice type air 

bearing.  New Way Air Bearings provides an illustrative graph (Figure 2-14) showing the 

difference in pressure distribution between various types of orifice air bearings and 

porous carbon air bearings.   

 



 23

 
 
Figure 2-14.  Pressure distributions for various types of orifice air bearings and porous carbon air bearings 

(Courtesy New Way Air Bearings) [8]. 

 

Figure 2-14 shows that obviously a single orifice air bearing has the least favorable 

pressure distribution.  FLORA I’s air bearing configuration most resembles the leftmost 

multiple orifice scenario. While this type of setup is better than single orifices, there still 

are pressure spikes which can lead to low rotational (pitch) stiffness.  The porous type, 

however, almost represents a rectangle over the surface of the bearing.  Not only is the 

pressure high, but it is nearly uniform across the length of the bearing.  All bearings will 

have a pressure drop near the edge due to the pressurized air transitioning to atmospheric 

pressure. 

 

The more uniform pressure distribution provided by the porous carbon bearings has many 

functional advantages over orifice type bearings.  Since the pressure is applied over the 

entire face of the bearing and not just a single point, lift-off is easier.  The ability to resist 

a pitching motion is also enhanced by this uniform pressure distribution.  This can be 

seen in Figure 2-15.   
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Figure 2-15.  Comparison between orifice and porous type air bearings ability to resist pitching. 

 
 
Figure 2-15 shows that if a rotational load is applied to an orifice type bearing, the 

centralized pressure distribution is not sufficient to resist the rotation.  In fact, the absence 

of support along the outer edges of the bearing coupled with the high pressure in the 

center of the bearing causes the bearing to act like a fulcrum.  The porous carbon bearing 

with its uniform pressure distribution along the entire face of the bearing has the ability to 

resist a higher rotational load.  This is an important property since the FLORA II will 

have one load applied to the tool end of the piston generating a pitching scenario.   

 

Another advantage of the porous carbon bearings is the relatively low required air flow.  

The pressurized air supplied to the bearing must travel through the millions of small 

pores at the surface of the bearing.  This causes a natural compensation in the bearing.  

Therefore, air coming out of the bearing is at a much slower rate than that of an orifice 

type bearing.  The difference is audible in that the porous bearings are completely silent 

compared to the ‘whistling’ of the orifice bearings.  The difference can also be observed 

by touch.  By simply using a human hand near the bearing surfaces it is clear that the 

orifice bearing air flow is much higher than that of the porous bearing.  Implementation 

of porous carbon bearings not only reduces the amount of supply air, but also reduces 

operation noise to produce a more favorable work environment.   

 

After the porous carbon bearing literature had been reviewed, the next step was to create 

computer simulation models and run experiments to truly determine that porous carbon 

air bearings were the most favorable bearings for FLORA II. 
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2.2.1 Derivation of Equivalent Bearing Stiffnesses 

To design the complete FLORA II system it was imperative to derive a model that would 

allow the predictions of various performance characteristics that could be used to tune 

responses for the best possible performance of the air bearing.  One of the most important 

characteristics of the new design was the coupling between the piston and the air bearing.  

If the system was designed using an improper model, then the air bearing could be much 

softer than anticipated resulting in poor performance during actual operation.  Therefore, 

it was necessary to develop a model that would capture the behavior of the piston coupled 

with the air bearing. 

 

The intention was to use the finite element analysis software ANSYS Workbench Finite 

Element Analysis (FEA) to model the piston/air bearing coupling under static and 

dynamic scenarios.  This is useful because FEA software would not treat the piston as a 

rigid body and would also save time once an appropriate method had been verified.  

ANSYS has many loading and boundary condition options, none of which were intended 

to represent an air bearing.  However, ANSYS does have an elastic support boundary 

condition.  The elastic support boundary condition in ANSYS is defined as the pressure 

required to produce a unit normal deflection of the foundation.  This elastic support 

essentially represents a body supported by a bed of springs attached to a rigid foundation, 

shown schematically in Figure 2-16.     

 

 
 

Figure 2-16.  Model of ANSYS elastic support boundary condition. 
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 Figure 2-16 shows how the elastic support attaches itself to the entire surface that is 

specified and to a fixed ground.  For that reason, it was thought that the block in Figure 

2-16 could represent FLORA II’s piston while the springs could approximate the 

pressurized air film of the porous bearing.   The problem that arose was that the stiffness 

of the elastic support is given as a load per unit volume or stiffness per unit area.  The 

stiffness provided by New Way is given simply as a load per unit deflection (length) for a 

specific bearing which is recognized as stiffness.  It was determined that an equivalent 

stiffness needed to be derived that could convert the stiffness New Way provided into a 

stiffness per unit area to be used directly within ANSYS.   

 

An experiment was conceived so that once the equivalent stiffness was input into the 

ANSYS simulation, there would be a physical analog to compare results to and verify the 

models accuracy.  A New Way air bushing was selected for use as a test-bed.  An air 

bushing is a hollow tube with the porous carbon material on the inside.  A stainless steel 

shaft is inserted into the bushing and surrounded by the pressurized air film.  A picture of 

an air bushing can be seen in Figure 2-17. 

 
Figure 2-17.  Air busing provided by New Way Air Bearings. [11] 

 

It should also be noted that for the air bushings, New Way provides a radial stiffness as 

well as a pitch stiffness value.  Radial stiffness is the vertical translation of the shaft 

inside the bushing for a given load.  Pitch stiffness is the rotation of shaft inside the 

bushing for a given moment.  This is depicted in Figure 2-18. 
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radial motion
pitch motion

 
 

Figure 2-18.  Radial and pitch motion of a shaft inside an air bushing. 

 

Since there are two stiffness values given for two types of displacement it was 

determined that an equivalent stiffness for each case should be derived.  The model used 

to derive equivalent stiffness values for both radial and pitch motion was to approximate 

the air film as a bed of springs.  An end view of the shaft inside the bushing was 

sufficient to derive the equivalent radial stiffness since the displacement of springs along 

the length will be the same.  As stated earlier, the air film was approximated as a bed of 

springs connected to ground on one end and the shaft on the other.  

 

 The model used is shown in Figure 2-19 

 
 

Figure 2-19.  Model used for derivation of equivalent radial stiffness. 

 

where kr
A is the radial stiffness used in ANSYS and Δ is the deflection caused by an 

applied force FA. Note that kr
A has units of stiffness per unit area which needs to be 
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derived from kr
NW (radial stiffness provided by New Way) which has units of stiffness.  

The next step was to determine the displacement for any spring at any general θ position 

around the perimeter of the shaft.  This model is shown in Figure 2-20. 

 
 

Figure 2-20.  Model to determine radial spring displacement. 

 

In this model r is the radius of the shaft, Δ is the vertical displacement of the shaft, and θ 

is the angle between the horizontal and the spring.  Observation of this model yields the 

following equation as the deflection of a spring at any location along the perimeter of the 

shaft 

( )θδ sinΔ=                                                             (2-1) 

Now that the displacement for any spring is known, Hooke’s law can be used to 

determine the relationship between force, stiffness, and displacement.   

 

 
Figure 2-21.  Radial force in one spring along the length of the shaft. 
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Figure 2-21 shows the derivation for the vertical component of the spring force along the 

length of the shaft.  The formula for this vertical component 

( ) θθδ drLkdF A
r

S sin=                                                         (2-2) 

contains variables already specified as well as spring force FS and shaft length L.  

Equation 2-2 is multiplied by L to cover the entire length of the shaft.  It should be noted 

that for pure vertical deflection, the horizontal components of spring force will cancel 

since they act in opposite directions which is why only vertical force is examined.  

Equation 2-2 is then integrated along the entire perimeter of the shaft to capture the bed 

of springs approximation.  The resulting formula is  

Δ=
2

SA
r

A
AkF                                                                (2-3) 

where AS is the surface area of a cylinder.  Application of  Hooke’s law results in 

Δ= NW
r

A kF                                                                  (2-4) 

Setting Equations 2-3 and 2-4 equal to each other gives an equation for kr
A in terms of 

kr
NW  (the radial stiffness provided by New Way) shown as 

S

NW
r

A
r

A
kk 2

= .                                                                (2-5) 

Next, the same method was used for deriving the equivalent pitch stiffness.  The model 

used in this case can be seen in Figure 2-22. 

 
 

Figure 2-22.  Model used for derivation of equivalent pitch stiffness. 
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Figure 2-22 is a front view of the shaft with the long side being the length of the shaft and 

the short side being the diameter.  Again, the bed of springs approximation is used to 

model the pressurized air film.  In Figure 2-22, kp
A is the equivalent pitch stiffness to be 

derived for ANSYS, M is the moment, and α is the pitch angle.  It should be noted that 

Hooke’s law will be the basis for this derivation as in the derivation for equivalent radial 

stiffness, except in the rotational form as 

αpkM =                                                                  (2-6) 

where kp
 is the rotational stiffness with units of rad

mN − .  As in the case for radial 

stiffness, the displacement of a spring at any location on the shaft must be determined.  

To do this, Figure 2-23 was used. 

 

 
Figure 2-23.  Model used to determine pitch spring displacement. 

 
Figure 2-23 shows the shaft rotating about its centroid with the maximum spring 

displacement being δ.  Using a simple trigonometric relation the spring displacement can 

be described as 

( )αδ sin
2
L

=                                                                  (2-7) 

where once again L is the length of the shaft.  It can be seen from Figure 2-23 that the 

spring displacements increase the further away they are from the center of rotation.  This 
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in turn means the spring forces increase as the distance from the center of rotation 

increases.  The spring force can be described as four equivalent distributed force zones as 

shown in Figure 2-24.  

 
Figure 2-24.  Distributed load caused by rotational displacements. 

 
 
Figure 2-24 shows how as the shaft is rotated from its original position (dotted line) to a 

new rotated position (solid, colored rectangle), the spring force will be greatest at the 

ends of the shaft and smallest at the center.  Also, it should be noted that the spring force 

will increase linearly from the center to end of the shaft.  The next step that was taken 

was to determine the resultant force of one of the triangular distributed force regions.  

The model used for this is shown in Figure 2-25. 

 

 
Figure 2-25.  Detailed model of single distributed force region for pitch. 

 

It is known that for a triangular distributed load, the resultant force is the maximum 

spring force, F, multiplied by half of the base of the triangle.  The location of the 

resultant force is at a distance L/6 from the left end of the triangle in Figure 2.25. After 
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several substitutions have been made, the differential form of the resultant force takes the 

form of 

( ) ( ) ( ) θθαα drLkdF A
p

R
2

2

sincossin
8

=                                            (2-8) 

where FR is the resultant spring force of one distributed force region.  Equation 2-8 is 

then integrated over half the circumference (for one distributed force section) which 

yields the following equation for the resultant force. 

( ) ( )ααπ cossin
16

2rLkF A
p

R =                                                 (2-9) 

It is known that there are four of these resultant forces, one for each triangular region, and 

that there location is 1/3 the distance from the end of the region with the maximum force.  

Therefore, the free body diagram of the pitching scenario will look like Figure 2-26. 

 
 

Figure 2-26.  Free body diagram of resultant forces on shaft due to an applied moment. 

 

Figure 2-26 shows a situation where a moment, M, is applied about the center, O, and the 

resultant spring forces resist the rotation.  By simply summing the moments about the 

center point O yields 

RFLM
3

4
=                                                                  (2-10) 

where FR is given as Equation 2-9 and upon substitution gives 
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( ) ( )ααπ cossin
12

3rLkM A
p

=                                            (2-11) 

Since the pitching of the shaft in the bushing as well as the piston in the FLORA II will 

be very small, small angle approximations can be made so that ( ) αα =sin  and 

( ) 1cos =α .   

The new form of Equation 2-11, 

απ
12

3rLkM A
p

=                                                             (2-12) 

can be re-written in terms of the surface area, AS, of the shaft as 

α
24

2
SA

p ALkM = .                                                          (2-13) 

Equation 2-13 is Hooke’s law for a shaft pitching in an air bearing utilizing the 

equivalent stiffness for ANSYS.  Once again, it is known that 

αNW
pkM =                                                              (2-14) 

where kp
NW is the pitch stiffness that New Way provides in rad

mN − .   Equation 2-13 is 

an equivalent formula except it uses the equivalent pitch stiffness for ANSYS, kp
A, which 

has units of 3m
N .  Next by setting Equation 2-13 equal to Equation 2-14 an equation for 

kp
A can be equated in terms of shaft dimensions and the stiffness provided by New Way, 

kp
NW.  It should be noted that the shaft dimensions are the dimensions of the shaft 

supported by the bearing and not any part of the shaft that protrudes out of the bearing.  

This formula is given as 

S

NW
p

A
p

AL
kk 2

24
= .                                                               (2-15) 

An equivalent stiffness for both radial and pitch motions have now been derived using the 

bed of springs approximation.  The next step was to perform physical experiments in 

order to establish values which could be compared with results from ANSYS simulations. 
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2.2.2 Experimental Air Bearing Setup 

As stated in Section 2.2.1 the experimental setup utilized an air bushing purchased from 

New Way Air Bearings.  The bearing used was 25 mm diameter, and 57 mm long. This 

bushing is identical to the bushing pictured in Figure 2-17.  Traditionally, the air bushing 

is inserted into a mounting block which is then bolted to some kind of plate.  The bushing 

then moves along a fixed shaft creating frictionless motion.  However, the goal of this 

experiment was not only to verify the model derived earlier, but also create a simplified 

setup for a fast tool servo.  Therefore in this experiment the mounting block holding the 

air bushing was bolted to a vibration isolation table to act like the housing of the FLORA 

while the stainless steel shaft was left free to move much like the piston of the FLORA.  

The air bushing and mounting block purchased were 57 mm long while the stainless steel 

shaft was 110 mm long so that the shaft could protrude out of the bushing.  A flexure 

mechanism was then used to apply a force to the sections of the shaft that protruded from 

the air bushing.  A complete list of specifications for the purchased bushing can be found 

in APPENDIX A – Specifications for Experimental Air Bushing.  An image of the 

experimental setup for radial stiffness testing can be seen in Figure 2-27. 

 

 
 

Figure 2-27.  Experimental setup for air bushing radial stiffness testing. 
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As can be seen in Figure 2-27, an aluminum plate is attached to a flexure made from 

spring steel.  The flexure was machined out leaving only a small amount in the center to 

allow the plate to rotate and provide even contact.  Two contacts on either side of the 

plate are connected to the plate although only one is pictured.  The contacts are square 

bars with small cylinders glued to the end at the point of contact.  The small cylinders 

contacting the larger shaft ensure as close to a point contact as possible.  These contacts 

apply a force to each end of the shaft causing a radial translation of the shaft inside the 

bushing.  The force is generated by placing a known mass on the plate.  Radial translation 

is measured using a LVDT lever-type gage which has an involute tip.  The curvature of 

the involute tip has the ability to compensate automatically for angular deviations up to ± 

20 degrees [12]. 

 

The setup shown in Figure 2-27 was altered to measure the pitch stiffness.  First of all, 

one contact was removed so that only one side of the shaft would be loaded causing a 

rotation.  Also, a new flexure replaced the rotationally flexible flexure.  Since there was 

only one point of contact the rotation of the plate was no longer necessary.  This setup is 

shown in Figure 2-28.  It can also be seen from Figure 2-28 that two LVDT lever-type 

gages were used to capture the rotation of the shaft.   

 

 
 

Figure 2-28.  Experimental setup for air bushing pitch stiffness testing. 



 36

 

The experimental setups shown in Figure 2-27 and Figure 2-28 were sufficient to observe 

the static behavior of the air bushing. It was also deemed important to characterize the 

dynamic response, in particular, the modal frequencies.  The dynamic experimental setup 

utilizes much of the same equipment that was used in the static experiments.  This setup 

can be seen in  

 

 
 

Figure 2-29.  Experimental setup for determining the dynamics of the air bushing coupled with the 
stainless steel shaft 

 
Figure 2-29 shows that the same air bushing, stainless steel shaft, and mounting block 

where used.  In this case, the load plate was removed and rubber bands were used to hold 

the shaft in place.  The rubber bands would not affect the experiment since the stiffness 

of the air bushing is so much higher than that of the rubber bands.  Also, a capacitance 

gage was aligned to measure the displacement vs. time just as on the FLORA I in Section 

2.2.1.  With the capacitance gage in place and the air turned on, the shaft was tapped on 

the end opposite that of the gage.  This tapping was enough to excite the natural mode 
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frequencies of the system.  The experiments were then carried out using the methods 

described above and the results were recorded.    

 

2.2.3 Radial Stiffness Experimental Results 

The first experiment that was run was to check if the measured value of radial stiffness 

using the experimental setup described in Section 2.2.2 matched the value that New Way 

quoted for radial stiffness.  The value that New Way quotes for radial stiffness of the 25 

mm diameter air bushing with 60 psi supply air is 34 N/µm.  Three known masses were 

placed on the load plate a total of 10 times each in order to establish a clear trend in how 

the bushing behaved.  The first tests were run with masses of 0.2, 0.5, and 1.0 kg.  It was 

known that Hooke’s law  

xkF NW
r=                                                                (2-16)       

could be used to determine the stiffness, kr
NW, of the bushing by using a known force, F, 

and measuring the deflection, x, with a LVDT lever-type gage.   

 
Table 2-2.  Experimental results of first radial stiffness test on air bushing. 

 

x  (μm) k r
NW  (N/μm) x (μm) k r

NW  (N/μm) x (μm) k r
NW  (N/μm)

0.45 4.36 2.00 2.45 3.50 2.80
0.60 3.27 1.60 3.07 3.30 2.97
0.70 2.80 1.80 2.73 3.80 2.58
0.60 3.27 1.80 2.73 3.80 2.58
0.60 3.27 1.90 2.58 3.90 2.52
0.55 3.57 2.00 2.45 3.20 3.07
0.55 3.57 1.50 3.27 3.10 3.16
0.65 3.02 1.30 3.77 3.50 2.80
0.50 3.92 1.80 2.73 3.00 3.27
0.65 3.02 1.90 2.58 3.00 3.27

Average 3.41 2.84 2.90
Total Average

F (N)  (0.2 kg) F (N)  (0.5 kg) F (N)  (1.0 kg)

3.05  
 

Table 2-2 shows the averaged stiffness of each mass as well as the average of these 

values as the shaded values.  It is clear that the measured stiffness was an order of 
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magnitude too low.  The experiment was run again but the same results continued.  

Eventually, it was determined that O-rings around the air bushing were to blame.  New 

Way air bushings come with four rubber O-rings around the outside.  When inserted into 

the mounting block, the O-rings are sandwiched between the outside of the bushing and 

the inside of the mounting block.  This implies that the bushing is being supported by a 

more compliant rubber material.  The O-ring coupled with the pressurized air film act 

like springs and series, decreasing the total measured stiffness significantly.  To eliminate 

this, the function of the bushing inside the mounting block must first be examined. 

 
 

Figure 2-30.  Diagram of air bushing installed inside mounting block. 
 
The purpose of the O-rings can be seen in Figure 2-30.  The mounting block has two 

passages to allow injection of epoxy on either side of the air inlet.  The two inner O-rings 

allow the pressurized air to enter the mounting block as well as the bushing.  The two 

outer O-rings allow epoxy to be injected and the inner O-rings prevent the epoxy from 

leaking into the air inlet.  New Way states that for applications where high stiffness is not 

required there is no need to use the epoxy since the O-rings provide some self-aligning.  

However, when high stiffness is required, epoxy is injected into the mounting block and 

upon curing eliminates the effect of the O-rings.  That is the procedure that was carried 

out for this experiment and upon testing obtained the results shown in Table 2-3. 
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Table 2-3.  Experimental results of radial stiffness test on air bushing after epoxy used in mounting block. 
 

x  (μm) k r
NW  (N/μm) x (μm) k r

NW  (N/μm) x (μm) k r
NW  (N/μm)

0.07 28.03 0.18 27.25 0.35 28.03
0.06 32.70 0.19 25.82 0.40 24.53
0.10 19.62 0.16 30.66 0.39 25.15
0.08 24.53 0.16 30.66 0.32 30.66
0.07 28.03 0.19 25.82 0.35 28.03
0.10 19.62 0.18 27.25 0.40 24.53
0.05 39.24 0.20 24.53 0.36 27.25
0.06 32.70 0.15 32.70 0.35 28.03
0.10 19.62 0.16 30.66 0.38 25.82
0.07 28.03 0.19 25.82 0.40 24.53

Average 27.21 28.11 26.65
Total Average

F (N)  (0.2 kg) F (N)  (0.5 kg) F (N)  (1.0 kg)

27.33  
 

Table 2-3 shows that the epoxy has stiffened the system by eliminating the effects of  

the O-rings.  The observed stiffness is still lower than the 34 N/µm quoted by New Way.  

Again, another factor that was ignored has to be factored into the experimental stiffness.  

The contacts apply the load at points on the shaft that are extended from the bushing.  

This causes the shaft itself to bend like a cantilever on both sides acting like a spring.  

The bending effect of the spring and the stiffness of the air film act like springs in series.  

To determine a proper stiffness that can be compared with the results shown in Table 2-3, 

the model shown in Figure 2-31 was used. 

 

 
Figure 2-31.  Bending of shaft inside bushing coupled with translation of shaft on air film. 
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The stiffness of the air film (the scenario shown on the right on Figure 2-31) is known to 

be 34 N/µm.  The stiffness of a shaft bending like a cantilever is well known and is given 

by 

3

3
l
EIkbending =                                                            (2-17)  

where E is the modulus of elasticity of the shaft, I is the moment of inertia, and l is the 

total length of the shaft divided by two.  In this case, the length that is used in Equation 2-

17 is the distance from the center of the shaft to the contact where the deflection 

measurement is being taken.  The bending stiffness of the shaft then comes out to 156 

N/µm.  Since the two effects act like springs in series, the following equation is used to 

determine the total stiffness of the setup. 

bemdingNewWay
r

total kkk
111

+=                                                  (2-18) 

After inserting known values the total stiffness, ktotal, is equated to be 27.9 N/µm.  When 

compared with the experimental results shown in Table 2-3 it can be seen that the air 

bushing is behaving just as New Way had quoted.   

 

2.2.4 Pitch Stiffness Experimental Results 

After the radial stiffness quoted by New Way had been verified, the next step was to 

repeat this process for the pitch stiffness.  From APPENDIX A – Specifications for 

Experimental Air Bushing it can be seen that New Way quotes the pitch stiffness for the 

25 mm diameter air bushing operating at 60 psi as 5.3 N-m/mil-rad.  The experimental 

setup shown in Figure 2-28 was used to measure this stiffness.  After a known mass was 

placed on the load plate, the two LVDT lever-type gages read the deflections of the shaft 

on either side of bushing.  The stiffness could then be determined using 

 θNW
pkM =                                                             (2-19)   

where θ is the rotation of the shaft in radians and M is the applied moment.  Because the 

load was applied at only one end, however, it was not a pure moment.  This meant that 

the shaft would translate as well as rotate.   
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To correct for this the loading shown in Figure 2-32 was used to isolate the rotation.  

 
 

Figure 2-32.  Diagram used to determine the rotation of shaft with end load applied. 
 
In Figure 2-32, δ1 is the measured deflection of the forced end of the shaft, δ2 is the 

deflection of the free end of the shaft, L is the length of the shaft in between the two 

gages, and θ is the rotation angle of the shaft.  The following trigonometric relation is 

then used to determine θ. 

1 1 2sin
L

δ δθ − −⎛ ⎞= ⎜ ⎟
⎝ ⎠

                                                            (2-20) 

Equation 2-20 provided the rotation angle in units of degrees which were converted to 

radians to match the New Way units.  The moment was taken as the applied force 

multiplied by the distance from the point of contact to the center of the shaft.  This 

method was carried out with three different known masses a total of three times each.  

The results can be seen in Table 2-4. 
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Table 2-4.  Experimental results for the pitch stiffness of the 25 mm diameter air bushing. 

 
Force (N)  (0.2 kg) δ 1  (μm) δ 2  (μm) θ (rad) k p

NW  (N-m/mil rad)
1.96 -0.40 0.20 0.011 5.31
1.96 -0.40 0.20 0.011 5.31
1.96 -0.40 0.20 0.011 5.31

5.31
Force (N)  (0.5 kg) δ 1  (μm) δ 2  (μm) θ (rad) k p

NW  (N-m/mil rad)
4.91 -0.95 0.50 0.025 5.50
4.91 -0.95 0.45 0.025 5.69
4.91 -0.95 0.50 0.025 5.50

5.56
Force (N)  (1.0 kg) δ 1  (μm) δ 2  (μm) θ (rad) k p

NW  (N-m/mil rad)
9.81 -1.90 1.00 0.051 5.50
9.81 -1.90 1.00 0.051 5.50
9.81 -1.90 1.00 0.051 5.50

5.50

5.46Total Average  
 

The results shown in Table 2-4 confirm the value of 5.3 N-m/mil-rad that New Way 

quotes.  Shaded boxes indicate average stiffness values for each of the masses used.  The 

purpose of the static radial and pitch stiffness experiments were to verify the quoted 

values that New Way provides so that they could be tested against the simulations run in 

ANSYS.  Stiffness values at 80 psi were also given by New Way which were tested and 

confirmed using the same method just described.  While there was some deviation from 

the quoted value for both radial and pitch stiffness, the results are still very similar which 

allows the simulation to be tested against New Way’s values.     

2.2.5 Dynamic Experimental Results 

With the static experiments carried out successfully the next step was to examine the 

dynamics of the shaft coupled with the air bushing.  This experiment utilized the setup 

shown in Figure 2-29.  Unlike the static air bushing experiments, there was no dynamic 

data provided from New Way for comparison.  The experiment was carried out as shown 

in Figure 2-33 and compared to the ANSYS analysis. 
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Figure 2-33.  Description of dynamic testing on air bushing. 

 

As stated in Section 2.2.2, because of the virtually frictionless air bushing any slight tilt 

in the table will cause the shaft to slide out of the bushing.  For that reason two rubber 

bands were used to hold the shaft in place.  With the supply air on at 80 psi, one end of 

the shaft was tapped slightly with a hammer while the displacement was measured at the 

other end of the shaft by a Lion Precision DMT 310 capacitance gage.  The signal from 

the capacitance gage was input to a Stanford signal analyzer which output displacement 

vs. time as well as an FFT of the motion.     
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Figure 2-34.  Motion of shaft in bushing after excitation under free vibration. 

 
Figure 2-34 shows the dynamic response of the system after excitation.  The top plot is 

displacement vs. time. By simply taking the amount of time of one cycle (oscillation) and 

inversing this number, the frequency is 680 Hz.  This value is also seen on the bottom 

FFT plot.  Another spike on the FFT occurring slightly before the 680 Hz can be seen as 

well.  This is a vibration picked up due to the fact that the capacitance gage surface is flat 
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and the shaft is round.  The lowest mode of vibration will be a pitching mode and for this 

setup, this mode will happen in the horizontal direction and vertical direction.  The 

capacitance gage correctly picks up the measured 680 Hz in the vertical direction but also 

detects some of that same vibration in the horizontal direction.  This 680 Hz vibration 

would then be the value to compare to the simulation run in ANSYS. 

 

2.2.6 FEA Simulation Results 

With the physical behavior of the air bushing/shaft setup characterized the next step was 

to use the derived equivalent stiffness developed in Section 2.2.1 in ANSYS to see if the 

model matched the experiment.  Before setting up simulation in ANSYS, the equivalent 

stiffness values needed to be computed using Equations 2-5 and 2-15.  After substituting 

known values into both equations it was found that the equivalent radial stiffness, kr
A, 

was equal to 1.519 x 1010 N/m3. This would be the value that was input into the elastic 

support in ANSYS.   

 

 
 

Figure 2-35.  Analysis conditions of ANSYS simulation to validate equivalent radial stiffness. 
 
Figure 2-35 shows the setup for the ANSYS simulation run to verify the equivalent radial 

stiffness.  The blue shaded region represents the elastic support or in the case of the air 

bushing, the stiffness of the pressurized air film.  The value can be read in the upper left 
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hand corner of Figure 2-35.  The red arrows represent the force that the contacts apply on 

the shaft.  In the actual simulation, the arrows are pressures applied over a small area.  

Each pressure is equivalent to a 5 N force for a total of 10 N.  The resultant deformation 

after the simulation is run is shown in Figure 2-36. 

 

 
 

Figure 2-36.  Deformation results of radial translation simulation run in ANSYS. 
 
The units of the scale in Figure 2-36 are meters so the tag at the center of the shaft reads a 

deflection of 298 nm.  The deflection is measured here since the effect due to bending 

should not be present.  Also, this means the quoted radial stiffness may be used and does 

not have to be altered for bending as in the experiment.  From New Way’s quoted value 

of 34 N/µm that was confirmed in Section 2.2.3, a force of 10 N should produce a 

deflection of 294 nm according to Hooke’s Law.  This is a percent difference of 1.4 % 

which indicates that the equivalent radial stiffness used in ANSYS is a good 

approximation of the actual air bushing. 

 

The equivalent pitch stiffness was the next to be used in an ANSYS simulation.  After the 

known values were substituted into Equation 2-15 the equivalent pitch stiffness, kp
A, was 

found to be 8.745 x 109 N/m3.  This is the value that would input as the elastic support 

stiffness in ANSYS for the pitching simulation. 
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Figure 2-37.  Analysis conditions of ANSYS simulation to validate equivalent radial stiffness. 
 
Figure 2-37 shows the conditions used in the ANSYS simulation of the pitching 

experiment.  Again, the values for the conditions can be seen in the upper left hand corner 

of Figure 2-37.  In this case, only the section of the shaft that is inside the air bushing is 

modeled.  This is because in the experiment, the force was applied as close to the edge of 

the bushing as possible.  The displacement measurements were also taken as close to the 

edge of the bushing as possible.  An arbitrary value of 0.9 N-m was chosen to be the 

applied moment.  This meant that a force of 31.58 N must be applied at the edge (28.5 

mm away from center) to achieve the chosen moment.  With the equivalent pitch stiffness 

input as the elastic support, the shaft rotated as shown in Figure 2-38. 

 

 
 

Figure 2-38.  Deformation results of pitching simulation run in ANSYS.  Deformations at top of shaft are 
in meters. 
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There are two end deflections (units in m) shown on the rotated shaft in Figure 2-38.  If 

these two deflections are used in Equation 2-20 with the length inside of the bushing 

being 57 mm (length of the air bushing), the resulting rotation is 0.173 mil-rad.  If this 

same moment of 0.9 N-m is used in Hooke’s Law (Equation 2-19) with the pitch stiffness 

New Way quotes (5.3 N-m/mil-rad) a rotation of 0.170 mil-rad is predicted.  This is a 

percent difference of 1.7%.  As in the case of the equivalent radial stiffness, the model for 

pitch stiffness is a suitable approximation to the actual air bushing.  

 

The final ANSYS simulation to be run was a modal analysis of the shaft supported by the 

elastic support.  A question arose as to which stiffness was to be used, the equivalent 

radial stiffness or equivalent pitch stiffness?  As stated earlier kr
A was equal to 1.519 x 

1010 N/m3 while kp
A was found to be 8.745 x 109 N/m3.  Only one value for the elastic 

support may be used in ANSYS so the question was should the radial, pitch, or an 

average value be used?  The first inclination was to use the equivalent pitch stiffness 

which was less stiff.  The reasoning was that this was the absolute lowest stiffness to be 

expected so if anything the actual design would be stiffer.  This is a good assumption for 

a case where the air bearing extends over the entire shaft, but later in the design process 

and after discussions with New Way, it was found that the bearings should be located on 

either end of the piston.  This will be discussed later in the design of the piston.  The 

reasoning for this discussion is to defend the choice of using the equivalent radial 

stiffness during modeling.   

 

The model used for the dynamic ANSYS simulation is slightly different than that used in 

the static simulations.  In the static simulations, the ends of the shaft past the point of 

force contact or measurement did not need to be modeled.  In the dynamic model the 

entire shaft needed to be modeled since the modal frequencies are dependent on the mass 

of shaft.  It should also be noted that this simulation was run at 80 psi just as in the 

experiment.  From the load-lift curve that New Way provides for this bushing 
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(APPENDIX A – Specifications for Experimental Air Bushing) it is seen that the quoted 

value for radial stiffness at 80 psi is 47.7 N/µm.  The equivalent radial stiffness can be 

computed using Equation 2-5.  The results can be seen in Figure 2-39. 

 

 
 

Figure 2-39.  Dynamic results from modal simulation run in ANSYS. 
 
The modal frequencies of the air bushing/shaft system are shown in the chart in Figure 

2-39.  The first two very low frequencies are rigid body modes which can be ignored.  

The first frequency of interest is the third frequency in the chart, a pitching mode of 700 

Hz.  As stated earlier the experimental value was found to be 680 Hz which is a 2.9 

percent difference.  Again, the ANSYS simulation is verified by the experimental results.  

It is also interesting to observe how the third and fourth mode frequencies are equivalent.  

The difference between these two modes is that the third pitches vertically as shown 

while the fourth pitches horizontally.  This was the reason for the peak close to 680 Hz in 

the experimental FFT (Figure 2-34).  
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2.3 Air Bearing Conclusions 

Air bearings are a very attractive solution for a frictionless and highly precise motion 

guide.  It was seen that the introduction of the porous carbon air bearing has improved 

upon the performance of the orifice type air bearing used in FLORA I.  While the orifice 

type air bearing can be implemented successfully as had been done in the FLORA I, the 

uneven pressure distribution can lead to unwanted vibrations that can seriously hamper 

performance in a precision application.  Therefore, the porous carbon air bearing 

produced by New Way Air Bearings was examined and determined to have a smoother 

and quiet operation when compared with orifice type air bearings.  Also, since the porous 

carbon air bearings are separate pieces, they can simply be glued into place without the 

precise dimensional control needed for an orifice type air bearings. 

 

After the porous carbon air bearings were determined to be a suitable alternative to 

orifice air bearings, a 25 mm diameter air bushing was purchased from New Way in order 

to observe how porous carbon bearings behave.  A series of static and dynamic 

experiments were run to characterize the air bushing as well as compare these results with 

the simulations run in ANSYS.  After the results were compared it was seen that the 

percent differences were small enough to determine that the derived equivalent stiffness 

was an appropriate approximation of the air bearing.  

 

With a method to model air bearings in ANSYS verified, the next task was to design the 

piston for the FLORA II.  Unfortunately, some sort of flat air bearing will be used to 

support FLORA II’s piston because the circular air bushings have no rotational 

constraints.  The equation for equivalent radial stiffness can be modified for a flat bearing 

using the same technique described in Section 2.2.1.  Using this stiffness a variety of 

piston cross-sections were analyzed to determine the optimum design for FLORA II.   
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3 PISTON DESIGN 
The design of FLORA II’s piston was perhaps the most crucial step in the design of the 

entire FLORA II system.  A method for simulating the stiffness for a porous carbon air 

bearing had been determined as discussed in Chapter 2 which could now be utilized in 

the design of the piston.  This model for bearing stiffness can work on any geometric 

configuration that the piston could be modeled as.  Therefore, the piston must be modeled 

first since the housing and other components will be tailored directly to the piston. 

 

The piston influences many aspects of the FLORA II system which is why an extensive 

amount of time was spent on its optimization.  One reason the piston design is important 

is that the diamond tool is attached to the end of the piston meaning a poor design could 

cause unwanted behavior at the tool, thus degrading performance.  The glass scale from 

which the encoder reads position is attached to the piston as well.  Again, if the piston 

vibrates while being supported by the air bearing, the motor will have to try harder to 

hold position which could cause unwanted vibration or even heating in the motor.  The 

last major influence of the piston is at the connection between the piston and the voice 

coil motor.  If the connection between these two is not stiff, it could act like a spring 

between the piston and motor introducing lower modes of vibration.  It is clear that not 

only does the piston need to perform well itself, but must also be designed for the many 

components which it affects. 

 

It has been seen that the piston itself will influence many parts of the complete FLORA II 

system but there are also many factors that influenced the design of the piston which is 

the topic of Chapter 3.  The length, cross section shape, and material all influenced the 

major characteristics of the piston.  These characteristics were stiffness, mass, and 

assembly.  The stiffness was important because any outside disturbance could cause a 

deviation from the commanded tool path and a stiffer system meant less deviation.  The 

mass influenced the dynamics of the piston as well as the selection of the voice coil 

motor.  Last, the stiffness and mass values could be ideal but if there is no way to 
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physically assemble the system, then the design work is useless.  Therefore these were 

the main attributes examined during the design of the FLORA II piston.    

 

3.1 Piston Cross Section 

The first task undertaken in the piston design was to establish a group of possible cross 

sections which could be analyzed and ranked based on performance.  FLORA I’s piston, 

shown in Figure 3-1, has a triangular cross section constructed out of aluminum 

honeycomb.   

 
 

Figure 3-1.  Triangular aluminum honeycomb piston used in FLORA I. 
 
FLORA I’s piston has a length of 180 mm with cross section dimensions shown in Figure 

3-2. 

 
Figure 3-2.  Cross section dimensions of FLORA I piston in millimeters. 
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The designer of the FLORA I piston decided upon using the triangular cross section after 

examining the moving mass, first natural frequency, coil force offset, and number of 

parts.  Before the new cross sections are shown it should be noted that it was desired for 

the new piston to be no wider than 90 mm in either cross section direction. 

3.1.1 Configurations 

The cross section configurations chosen as a possibility for the FLORA II piston were 

selected based on past success and plain common sense.  Once again a triangular shape 

was considered based on the fact that FLORA I has had success with this geometry.  

Another shape included in the analysis was a square which seemed to be one of the 

easiest to design for as well as construct.  The last, and most complex, cross section 

chosen was that of a cross.  Other cross sections that were suggested were a circular cross 

section as well as geometry shaped like an I-beam.  The circular cross section was 

determined preliminarily to be unable to achieve a high stiffness or location to attach the 

glass scale.  The I-beam shape was initially conceived on the basis that this cross section 

would have the highest moment of inertia.  Upon further examination it was determined 

to be not possible to fit the bearings around this shape while maintaining the desired 90 

mm maximum width. 

 

 
 

Figure 3-3.  Three cross sections examined for the FLORA II piston. 
 
Figure 3-3 shows the piston selections in their original orientations.  After several 

simulations the orientations of the square (sometimes referred to as box) and triangle 

cross sections were altered for maximum performance.  For example, the square cross 
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section was found to be more stable when rotated 45°.  The hole was also changed from a 

circle to a square for manufacturing reasons.  Figure 3-4 shows the square cross section 

used in the analysis. 

 
 

Figure 3-4.  Final orientation of square cross section used in analysis. 
 
The shape of the triangle cross section was changed from the equilateral triangle shown 

in Figure 3-3.  It was determined that a right triangle would be much easier to 

manufacture so the triangular cross section was altered to look like Figure 3-5. 

 

 
 

Figure 3-5.  Final orientation of triangular cross section used in analysis. 
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Now that the cross sections have been determined, the pistons underwent a series of 

simulations and reviews.  How each piston performed under all criteria helped the 

designer make a non-partisan decision for the best piston. 

 

3.2 Assembly Considerations 

Ease of assembly is an important factor to consider when designing any system.  There 

were three major issues that had to be examined for each piston.  First was how many 

bearing faces had to be machined.  To have a viable, precise system, each bearing face 

would have to be machined accurately relative to other bearing faces.  The higher the 

number of bearing faces, the more difficult this would be.  The second aspect was how to 

make the piston.  Could the shape be extruded or would separate pieces have to be glued 

together?  Finally, how the linear scale that determines the piston’s position could be 

mounted.  The scale is 20 mm wide and needs to be attached directly to one of the 

piston’s outside surfaces with no overhang.  These factors determined the ease of 

assembly for each cross section. 

 

The cross shape, as seen in Figure 3-3, was determined to be the most difficult in terms of 

assembly.  As stated earlier, the bearing surfaces on the piston must machined precisely 

with respect to one another.  As the number of surfaces increases, so does the difficulty in 

keeping faces flat with respect to one another.  The cross shape has eight bearings 

surfaces which is a significantly higher amount than the other shapes.  Also, the thickness 

of the bearings determines how much surface area is available for the bearings.  This can 

be seen in Figure 3-6. 
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Figure 3-6.  Image depicting how bearings must move away from center as bearing thickness increases. 

 
In Figure 3-6 the black rectangles represent the bearings and are all the same length.  As 

the thickness increases the bearings have to move further from the center and will 

overhang the edges of the piston unless the cross section is made wider.  Therefore, as the 

thickness of the bearings increase, the piston width must also increase if the same bearing 

area is desired.  The stiffness of the bearing increases as its surface area increases so a 

loss of bearing area is undesirable.  One of the most important factors in assembly 

considerations was where to attach the glass scale.  The glass scale is 20 mm wide so if 

the top of the cross’s leg (see arrow in Figure 3-6) was 20 mm wide, only 35 mm would 

be allotted for bearing surface.  The thickness of the bearing would take away from this 

also leaving a small air bearing area.   For the reasons previously listed it was found that 

the cross shape was the worst cross section in terms of assembly.  

 

The square, or box, cross section was the next to be examined.  It can be seen from 

Figure 3-7 that the square cross section has four bearing surfaces, much less than that of 

the cross shape. 
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Figure 3-7.  Square cross section with air bearings as black rectangles and arrow pointing to scale location. 
 
The air bearing surfaces in Figure 3-7 are at the interface between the piston and black 

rectangles which represent the air bearings.  Obviously a reduction from eight to four 

bearing surfaces is a significantly simpler design, but again there is an issue with the 

location of the glass scale.  The black arrow in Figure 3-7 points to the only location the 

glass scale could be attached.  As in the case with the cross shape, as this section of the 

piston widens to fit the 20 mm wide scale, the entire cross section increases unless the 

bearing surface decreases.  The only options are that the cross section is widened larger 

than the goal or that the air bearing surface area decreases along with the stiffness of the 

system.  While the square cross section was more straightforward to assemble than the 

cross shape, there were still some negative effects due to the placement of the glass scale. 

 

The triangular cross section has advantages over both the square and cross shape, most 

noticeably the amount of bearing surfaces.  With only three bearing surfaces the triangle 

greatly surpasses the cross and has one less than the square as shown in Figure 3-8.   
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Figure 3-8.  Triangle cross section with air bearings as black rectangles and arrow pointing to scale 
location. 

 
Once again the black rectangles represent the air bearings while the arrow points to the 

location of the glass scale.  Figure 3-8 shows that the glass scale can be directly attached 

to the top of the slide and still allow space for the air bearings.  It is clear from the 

analysis provided above that the triangle cross section is ranked first in terms of ease of 

assembly with the square cross section following in second and the cross shape being the 

worst. 

 

3.3 Piston Stiffness Simulations 

The stiffness of the piston was perhaps the most involved step in the design of the entire 

FLORA II system design.  It should be noted how the simulations were run in order to 

allow the data from each cross section to be compared.  The length of the piston had to be 

determined first.  Once an appropriate length had been determined, simulations of actual 

loading scenarios the piston would see were run on a triangle, square, and cross piston.  

The pistons were made to be the same length, material, and mass to eliminate any bias in 

the results.  The simulations of the actual loading scenario were run using the equivalent 

radial stiffness for a flat bearing which will be discussed in Section 3.3.2.  These 

simulations included end loads to represent the cutting force acting at the tool tip and 

pressure acting as the bearing pressure induced by the air bearings.  A dynamic response 
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was also simulated for each piston in order to examine their modes of vibration.  The 

following process was taken to determine which cross section was most stiff.    

 

3.3.1 Length Considerations 

The length of the piston, like many features of the FLORA II, influences many aspects of 

performance.  For example, as the piston length increases, its mass will also increase 

lowering natural frequencies.  On the other hand, the increase in length will increase 

surface area available for the air bearings increasing stiffness.  Therefore, there were 

three main stiffness values examined for each piston.  These values included bending 

stiffness of the piston itself, pitch stiffness of the piston on the air bearing, and radial 

stiffness of the piston on the air bearing.  Since the goal was to determine an appropriate 

piston length, the elastic support value was chosen arbitrarily.  This value was kept 

constant for each cross section.  In this study it was the behavior of the three stiffness 

values that were compared not the performance of the three different cross sections.  

Because the method for using finite element analysis had not yet been derived, Roark’s 

Formulas for Stress and Strain [14] which treated the slides like beams on an elastic 

foundation was used which could capture the behavior again, so that the stiffness 

behavior could be compared.  These formulas can be found in APPENDIX B.  Using 

Roark’s Formulas for Stress and Strain [14] was determined to be a good approximation 

to used for the length study, but for actual loading scenarios the derived equivalent 

stiffness was input to ANSYS for simulation.  The results of the length study can be seen 

in Figure 3-9. 



 59

0

200

400

600

800

1000

1200

1400

0.050 0.100 0.150 0.200 0.250 0.300 0.350

Length (m)

St
iff

ne
ss

 (N
/μ

m
)

Cross EL
Box EL
Cross Rad Bear
Box Rad Bear
Cross Bending
Box Bending
Tri EL
Tri Rad Bear
Tri Bending

 
Figure 3-9.  Stiffness results of length study on the three cross sections. 

 
Figure 3-9 shows how the different stiffness values change as a function of piston length.  

From the legend, the term ‘EL’ refers to a scenario where an end load creates a moment 

tilting the piston.  This group of stiffness values is the most flat group located near the 

bottom of Figure 3-9.  The reason this group looks so flat is because their stiffness is 

small when plotted against the other values.  ‘Rad Bear’ refers to the radial stiffness when 

a purely vertical translation occurs.  This is the group where the stiffness increases 

linearly with increasing length.  Last, the bending stiffness of the pistons themselves is 

represented by the non-linear decrease with an increase in length. 

 

The trends shown in Figure 3-9 are what can be expected for each loading scenario.  End 

load and radial stiffness increases as length increases because of the increase in bearing 

area.  An increase in bearing area means more resistance and a higher stiffness.  It is 

known that the stiffness of a beam in bending will decrease with the length squared, just 

as is observed.  Figure 3-9 was then used to determine which length best encapsulated the 

three stiffness values.  The length that was chosen was 150 mm.  At this length the slope 

rotational stiffness is beginning to decrease and the radial and bending stiffness are both 

reasonable.  At any other location one of the three stiffness values is too low and over 
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rules the other higher stiffness values.  For this reason 150 mm was chosen as the piston 

length.       

 

3.3.2 End Load Simulations 

As stated in Section 3.3, the following simulations were carried out using pistons of the 

same length, 150 mm, and same mass.  After many iterations of each cross section, the 

pistons shown in Figure 3-10 were used in the ANSYS simulations.   

 

 
 
Figure 3-10.  Re-designed cross sections (dimensions in millimeters) used in piston stiffness simulations. 

 
It is clear from Figure 3-10 that the cross shape has remained relatively unaltered from 

the original design.  The triangle and square cross section underwent significant changes 

mainly to stiffen the hollow space.  Without the inner supports added the triangle and 

square pistons would simply be too flexible when compared with the cross shape.  The 

support structures were re-designed many times to achieve a stiff and light structure 

while providing sufficient outer surface area for the air bearings.  For the simulations, the 

pistons were all approximately 320 g and where assigned the material properties of 

aluminum.  Knowing the length of the pistons were the same as well, an unbiased 

comparison of piston performance was conducted. 

 

It should also be noted that the equation for equivalent radial stiffness had to be altered 

for use in ANSYS.  Using the same technique described in Section 2.2.1, the equation is  
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Δ= SA
r

A AkF                                                               (3-1) 

where FA is an applied force, kr
A is the equivalent radial stiffness in ANSYS, AS is the 

surface area of the bearing for any shape, and Δ is the measured deflection.  It is already 

known that 

Δ= NW
r

A kF                                                                 (3-2) 

so setting Equations 3-1 and 3-2 equal to each other and canceling like terms yields 

SANW
r Akk = .                                                              (3-3) 

Using New Way Air Bearings website and the load lift curve for a 40 mm x 50 mm flat 

bearing (details in APPENDIX C – Equivalent Radial Stiffness for Flat Air Bearing) 

along with Equation 3-3 gives a equivalent radial stiffness for a flat air bearing at 80 psi 

to be 3.68 x 1010 N/µm.  This is the value used as the stiffness of the elastic support in 

ANSYS for the following simulations. 

 

The end load simulation is a model of the actual machining process where the diamond 

will be exerting a three dimensional force at the tool tip.  The tool tip in each of the 

pistons shown in Figure 3-10 is the rectangular block in the cross section’s center of 

mass.  This feature allowed forces to be applied to the end of the piston.  Three separate 

forces, one in each cutting direction were applied to each piston, one at a time while the 

air bearing elastic foundation model was the only support.  The cutting directions can be 

seen in Figure 3-11. 

 
Figure 3-11.  Tool, vertical, and horizontal directions on piston. 
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A 1 N force was applied in each direction for all three pistons.  Using ANSYS an average 

deflection around the forced face was taken and recorded.  Each case was run using 

ANSYS which also plots the deformation in the direction of the force.  These plots can be 

seen in Figure 3-12, Figure 3-13, and Figure 3-14. 

 

 
Figure 3-12.  Deflection of pistons from a vertical end load. 

 

 
Figure 3-13.  Deflection of pistons from a horizontal end load. 

 

 
Figure 3-14.  Deflection of pistons from a tool direction end load. 

 
 
The average deflection values for each piston and each load can be found in Table 3-1. 
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Table 3-1.  Average displacements in nanometers at the force end of piston under end loads. 
 

Triangle Square Cross
Vertical 18 22 19
Horizontal 22 22 19
Tool 3 4 4

Units are nanometers  
 

It can be seen from Table 3-1 that the triangle piston was the most stiff in the vertical and 

tool direction while the cross shape was stiffest in the horizontal direction.  The square 

cross section was least stiff in all three categories.  This led to the conclusion that the 

triangle was overall the stiffest cross section tested. 

 

3.3.3 Bearing Pressure Simulations 

Another important stiffness characteristic the piston must have is the ability to resist 

deformation due to external pressure.  The New Way Air Bearing Air Bearing 

Application and Design Guide states that the surface beneath the face of the air bearing 

can expect to see approximately half of the supply air pressure.  Therefore, if the air 

bearings are planned to run at 80 psi, then the piston will have a 40 psi pressure applied 

on the bearing surfaces.  This deflection is important because it will be a contributing 

factor to the creation of the air gap.  A simple static analysis was run in ANSYS for each 

piston using a 40 psi pressure as can be seen in Figure 3-15. 

 

 
 

Figure 3-15.  Square piston with 40 psi pressure due to air bearings in ANSYS simulation. 
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The same method used in Figure 3-15 was used for the triangle and cross pistons.  

Deformation was then examined using the total deformation tool in ANSYS.  The 

deformation examined was the total range of deflection. A plot of the deformations is 

seen in Figure 3-16. 

 

 
 

Figure 3-16.  Deflection of pistons due to 40 psi bearing pressure. 
 
Figure 3-16 shows some interesting results for the pistons deformation under the 40 psi 

pressure.  First, it should be noted that the cross piston deforms an order of magnitude 

less than both the triangle and square pistons making it the clear favorite in this category.  

The triangle and square pistons, which are not solid, deform in two uniquely different 

ways.  For the most part, the square piston deforms relatively uniformly at the bearing 

surface.  The triangular piston shows this trend somewhat on the two diagonal surfaces.  

Since the center of the top surface of the triangular piston is not loaded (space for glass 

scale) the surface will deform less here and slope down to the outside edges.  Uneven 

deformation implies an uneven air gap which could lead to a non-uniform pressurized air 

film.  For this reason, the triangle piston was deemed to perform least favorable while the 

cross piston behaved best.  The deformation results can be seen in Table 3-2.  Again, they 

are the complete range of deformation at a bearing surface. 
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Table 3-2.  Deformation range of piston’s bearing surface due to air bearing pressure. 
 

Deflection due to Bearing Pressure (nm)
Triangle 500 - 800
Square 400 - 750
Cross 70 - 25  

 

3.3.4 Dynamic Response Simulations 

While the dynamic response of the pistons may not seem appropriate for a section dealing 

with stiffness, it is in fact the stiffness of the pistons coupled with the air bearing that will 

determine the modes of vibration.  As stated earlier, the dynamic response is an 

extremely important characteristic of any mechanical system.  Any system will have a 

number of outside frequencies introduced due to electrical noise or simply by the 

operation of the system.  If the frequency of the external force coincides with one of the 

natural frequencies of the system, a condition known as resonance occurs, and the system 

undergoes dangerously large oscillations [10].  Therefore, the natural frequencies (or 

mode frequencies) were desired to be as high as possible in order to avoid any type of 

resonant behavior.  

Two different simulations were run for each piston.  The first simulation was a free-free 

modal analysis of the piston itself.  The second simulation was a free-free modal analysis 

of the piston supported by the elastic support representing the air bearing.  Both scenarios 

can be seen in for the cross piston. 

 

 
 

Figure 3-17.  Modal analysis of piston alone (left) and piston coupled with air bearing (right). 
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The results of these simulations can be seen in Figure 3-18 and Figure 3-19. 
 

 
 

Figure 3-18.  First mode of vibration for pistons without air bearing support. 
 
 

 
 

Figure 3-19.  First mode of vibration for pistons with air bearing support. 
 
While the deformation of the piston can be helpful, the main result to examine is the 

frequency at which these modes take place.  The first mode frequency for each scenario 

can be found in Table 3-3. 

 
Table 3-3.  First natural frequency of piston alone and piston with air bearing support. 

 
Triangle Square Cross

Piston 6181 8210 1957
Piston on Air Bearing 4007 4076 5519

Frequencies in Hertz  
 

Table 3-3 clearly shows the ranking of which piston performed best in both categories.  

One interesting observation is that the cross is the only piston in which the piston mode 
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frequency is less than when coupled with the air bearing.  Also, from Figure 3-19 it is 

seen that the cross piston is the only piston that did not experience rigid body motion for 

the first mode.  This is most likely caused by a low torsional stiffness along the length of 

the cross piston.  After the dynamic simulation had been performed, enough information 

had been gathered about the behavior of the pistons to make a cross section selection. 

 

3.4 Cross Section Selection 

The analysis performed in Sections 3.2 and 3.3 have allowed for a quantitative 

comparison between the cross, triangle, and square piston.  The comparison involved 

creating a list of simulations and ranking each piston depending on performance.  A ‘1’ 

was awarded to the piston with the worst performance while a ‘3’ was awarded to the 

piston with the best performance, which was the triangle piston.  The comparison can be 

seen in Table 3-4. 
Table 3-4.  Results of piston comparison. 

 

Criteria Triangle Square Cross
End-Load 3 1 2
Pressure 1 2 3
Piston Mode 2 3 1
Piston/Bearing Mode 2 2 1
Assembly 3 2 1
Total 11 10 8  

 

3.5 Piston Material 

Choosing a material for the FLORA II’s new piston will influence its mass and stiffness.  

Steel is a very stiff material but it is too dense (more density, more mass) for the 

application.  A stiff, lightweight material is optimal.  Aluminum was also considered 

which is very lightweight but has only a fraction of the stiffness of steel.  Aluminum is a 

good option, but to in order to get a high ratio of stiffness to density, composites were 

examined.  The first composite to be examined was aluminum honeycomb.  Aluminum 

honeycomb is a material with a very high stiffness to weight ratio which seemed to fit the 



 68

needs of the FLORA II piston.   However, after further examination one weakness in the 

material became present.  The basic structure of aluminum honeycomb can be seen in 

Figure 3-20. 

 
Figure 3-20.  Aluminum honeycomb structure on left and core on right [15]. 

 
The honeycomb core is designed to take the applied load in the ‘T’ direction shown in 

Figure 3-20.  If the core is loaded in a compressive manner in the ‘W’ or ‘L’ direction, 

significant deformation will occur.  This was clear when a triangular piston was modeled 

as a structure with an aluminum honeycomb core and aluminum faces.  The piston 

deflected as expected but when the external bearing pressure was applied, the weakness 

in the ‘W’ and ‘L’ direction was evident as seen in Figure 3-21. 

 

 
 

Figure 3-21.  Deformation of triangular aluminum honeycomb piston under bearing pressure. 
 
The deformation in Figure 3-21 has a maximum value of 23 µm at the center of bearing 

pressure.  It is clear this deflection surpasses the total desired air gap of 5 µm.  For this 

reason aluminum honeycomb was discarded as a possible material for the FLORA II 

piston.   
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Aluminum honeycomb is what is known as an anisotropic material.  A material is 

anisotropic when its properties at a point vary with direction or depend on the orientation 

of reference axes [16].  This type of material is more difficult to model than an isotropic 

material whose material properties remain constant at any orientation.  An isotropic 

composite material that was suggested to review was silicon carbide.  Silicon carbide is a 

ceramic with an extremely high modulus of elasticity and relatively low density.  A 

comparison between aluminum, steel, and silicon carbide can be seen in Table 3-5. 

 
Table 3-5.  Comparison of silicon carbide materials to steel and aluminum. 

 

Modulus Density Modulus/Density 
(Gpa) (kg/m3) (m2/s2)

Aluminum 70 2700 26
Steel 200 7900 25
Silicon Carbide 410 3100 130

Material

 
 

It can be seen in Table 3-5 that silicon carbide has a modulus of elasticity two times that 

of steel while maintaining a density similar to aluminum.  Therefore, a piston could be 

designed to be very stiff while maintaining as small mass.  A small mass is important 

because the mass affects how large the counterbalance must be as well as the 

specifications on the voice coil motor that will drive the mass.  For the reasons listed 

above silicon carbide was chosen as the material for the FLORA II triangular piston.  

Section 3.6 will discuss the details of the design of the final geometry of the silicon 

carbide triangular piston.   

 

3.6 Final Piston Design 

There were two main issues for the final design of the piston.  The first was where the air 

bearings would be located on the piston.  The second was the optimization of the piston 

cross section with respect to mass and stiffness.  Once these two factors had been 

optimized a final design for the FLORA II piston was developed with strong confidence.  
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3.6.1 Air Bearing Location 

During the original simulations run with the triangular piston in ANSYS the air bearing 

arrangement was as shown in Figure 3-22.  

 

 
 

Figure 3-22.  Original air bearing arrangement shown as shaded portion of piston. 
 
The arrangement shown in Figure 3-22 consists of two narrow bearings that run the 

length of the piston on the top face.  The gap in the center is space for the glass scale.  Air 

bearings supporting the side diagonals run the entire length of the piston as well as length 

along the diagonal.  However, after a discussion with New Way a new arrangement was 

suggested which would perform better.   This new arrangement can be seen in Figure 

3-23. 

 
 

Figure 3-23.  New ‘relieved’ bearing location design suggested by New Way Air Bearings. 
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New Way described the new relieved bearing arrangement shown in Figure 3-23 as 

having a greater resistance to pitching motion.  The absence of air bearing support in the 

center of the piston is the mechanism behind the increase in pitch resistance.  New Way 

states that the air bearing support in the center of the piston can act like a pivot point and 

actually increase the tendency of the piston to roll.  For this reason the relieved 

arrangement shown in Figure 3-23 was chosen.   

 

3.6.2 Cross Section Optimization 

As stated earlier in Section 3.3.3 a pressure of 40 psi can be expected on the portion of 

the piston surface on which the air bearings operate.  This pressure will cause the piston 

to deform and the amount of deformation is a critical factor in the piston design.  The first 

iteration of the triangular piston’s cross section resembled a roof truss.  This can be seen 

in Figure 3-24. 

 

 
 

Figure 3-24.  Cross section of original triangular piston. 
 

The cross section shown in Figure 3-24 was extremely stiff in all directions under every 

loading scenario.  It was concluded that this piston was overly stiff and some material 

could be removed to reduce weight.  After speaking with Coors Tek, a manufacturer of 

silicon carbide parts, three orientations that could be manufactured while retaining the 

stiffing ribs were suggested.  These three cross sections can be seen in Figure 3-25. 
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Figure 3-25.  Possible cross section designs for FLORA II piston. 

 

These cross sections were analyzed as pistons with a 150 mm length and material 

properties of silicone carbide.  All pistons had a similar mass with piston ‘A’ weighing 

333 grams, piston ‘B’ weighing 320 grams, and piston ‘C’ weighing 317 grams.  The 

difference between the lightest and heaviest piston is only 16 grams so weight is not an 

issue between the 3 arrangements.  After running simulations in ANSYS all pistons 

exhibited high stiffness when a vertical end load was applied.  What separated the 

different arrangements was the application of the bearing pressure on the piston surfaces.  

Pistons ‘B’ and ‘C’ resisted deformation from the top well enough but the side loads 

proved to be too much and large deformations resulted.  Piston ‘A’ on the other hand 

resisted the bearing pressure well in all directions (see Figure 3-26).  This is what led to 

the selection of cross section ‘A’ for the FLORA II piston.  

 

 
 

Figure 3-26.  Deflection of piston with cross section ‘A’ under bearing pressure. 
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Figure 3-26 depicts the deformation of the piston under the 40 psi bearing pressure.  

Next, since the piston will be assembled in pieces, the thickness of the individual pieces 

was optimized to provide a high stiffness while maintaining as light a structure as 

possible.  Using ANSYS to perform this optimization yielded a top piece that was 3 mm 

thick, side pieces of 2 mm thickness, and support ribs 1.5 mm thick.  The maximum 

displacement on the top horizontal is 0.5 µm halfway between the edge and the center 

support.  This can be expected since this is the point furthest away from support on the 

top.  The sides experience a maximum displacement of 0.3 µm halfway between the edge 

and the side support for the same reason.  These displacements must be taken into 

account when the housing is designed since the deflection of the piston, housing 

expansion, and glue shrinkage will all contribute to the air gap. 

 

One final analysis was performed for the buckling load for the ribs.  The critical buckling 

load for each inner support was calculated using 

2

2

e
cr L

EIP π
=                                                                 (3-4) 

Where Pcr is the critical buckling load, E is the modulus, I is the moment of inertia, and 

Le is the effective length of the support.  Le depends on the end conditions of the structure 

in question.  For a fixed-fixed case which the piston supports represent, Le = 0.5L where 

L is the actual length in the loading direction of the support.  Using the dimensions of the 

supports along with the material properties of silicon carbide Equation (3-4) yields a 

critical load of 257 kN for the center support and 488 kN for the diagonal supports.  The 

total load from the applied bearing pressure is 1.83 kN which any one of the supports 

could handle.  Thus it was concluded that buckling will not be an issue.    

 

Based on the results of the modeling, Coors Tek assembled the piston using a high 

modulus epoxy.  An exploded image of these pieces can be seen in Figure 3-27.  Figure 
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3-27 also depicts how the supporting ribs are recessed 5 mm from each end.  This 

recession allows end plates to be glued in place and sit flush with the end of the piston. 

 

 
 

Figure 3-27.  FLORA II final piston model. 

 
The mass of the piston is 360 g, a significant decrease from the FLORA I piston’s mass 

of 650 g.  The stiffness of the real system was measured experimentally by hanging a 

known weight from the tool holder and measuring the vertical displacement with a lever 

type LVDT gage.  The results for these experiments, shown in Table 3-6, were an end-

load stiffness of 8.13 N/µm.  The results for the end load stiffness simulation run in 

ANSYS are shown in Figure 3-28. 

 
Table 3-6.  Experimental results for stiffness of FLORA II. 

 

x  (μm) k (N/μm) x (μm) k (N/μm)
0.65 7.55 1.20 8.18
0.60 8.18 1.15 8.53
0.60 8.18 1.20 8.18

Average 7.97 8.29
Total Average

F (N)  (0.5 kg) F (N)  (1.0 kg)

8.13  
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Figure 3-28.  ANSYS simulation of actual stiffness test analysis conditions (top) and vertical displacement 
(bottom). 

 
Figure 3-28 shows the analysis conditions as well as the vertical displacement results for 

the ANSYS simulation of the actual end-load stiffness test.  The conditions imposed on 

the piston in the simulation were the elastic foundation which modeled the air bearings 

(stiffness calculation found in APPENDIX C – Equivalent Radial Stiffness for Flat Air 

Bearing) and a vertical force acting on the tool holder representing the hanging mass.  

When the simulation was run with only these conditions the stiffness observed was about 

3 ½ times smaller than the experimental stiffness.  It was then realized that the bolt 

pretension loads had not been added to the three bolts that connect the tool holder to the 

front face plate.  This increases the stiffness so that the 1 N force applied to the tool 

holder produced a vertical deflection of 0.141 µm which was an averaged value around 

the point of measurement in the experiment.  This implied a stiffness of 7.09 N/µm which 

is considerably closer to the 8.13 N/µm stiffness observed in the experiment.  The 

difference in stiffness could be caused from an assembly concern in that the actual system 

was not assembled exactly like the model.  Also, the bearings used were a new line of flat 

bearings, not off the same line as the ones modeled after in APPENDIX A – 

Specifications for Experimental Air Bushing.  Even though the stiffness was different, it 

was not orders of magnitude different so it may not be the model that was wrong.  Using 

the same conditions with the exception of the 1 N force, a modal analysis was also 

conducted.  The result was a first natural frequency pitch mode at approximately 3.1 kHz.  

The experimental value from Section 8.1 is 2.7 kHz.  Again, the model is different from 

the experiment but does serve as a good approximation. 
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4 HOUSING DESIGN 
The design of the FLORA II housing was a complex task that depended on many 

different effects.  First of all, the housing must deform properly when the pressurized air 

is supplied to the bearings to produce the desired film thickness.  This deformation will 

be influenced by the material of the housing as well as its geometry.  Air bearings glued 

to the housing need a steady supply of pressurized air.  A method for providing the 

pressurized air to the bearings was a complex task that re-shaped the housing many times.  

These tasks had to be completed while minimizing the overall FLORA II housing size. 

 

4.1 Housing Material and Size 

The material for the FLORA II housing was chosen based on the weight of the FLORA I 

housing.  The FLORA I housing is constructed from steel and weighs approximately 60 

lbs which makes transport difficult.  Two people are required to move the FLORA I 

system to the diamond turning machine.  With the extensive number of electrical wires 

and crowded laboratory, the placement of FLORA I on the diamond turning machine is 

not an easy task and much care must be taken.  For this reason, the FLORA II housing 

was chosen to be constructed from aluminum 6061.  Aluminum is approximately one 

third the density of steel implying the housing will be significantly lighter based on a 

material change alone.  Because the FLORA II piston is so much smaller than the 

FLORA I piston, the housing can be smaller as well.  FLORA I’s housing has dimensions 

of 130 mm high by 205 mm wide by 305 mm long, including the motor.  Dimensions for 

the FLORA II housing are 90 mm high by 110 mm wide by 208 mm long, including the 

motor.  The decrease in length, while significant, is not the critical dimensions to reduce.  

The frontal area is what determines how many fast tool servos can be mounted on one 

machine.  A space saving design can allow a greater number of fast tool servos to be 

mounted on a single machine increasing productivity.   
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Figure 4-1.  Comparison between FLORA I and II housings. 
     

Figure 4-1 shows a dimensioned transparent box which represents the FLORA I housing.  

FLORA II can be seen inside of the box to accentuate the difference in size.  Compared 

to FLORA I, FLORA II has a 63% reduction in frontal surface area.  The FLORA II 

housing weighs approximately 15 lbs or 16% of the FLORA I.  Next, the difficult step of 

modeling the deflection of the housing was conducted on the FLORA II housing just 

described.   

 

4.2 Housing Expansion 

The design procedure of the FLORA II housing was different than the design of the 

FLORA I housing.  The gap for the pressurized air film was machined out of the FLORA 

I housing before the air pressure was supplied.  This meant when the air pressure was 

turned on the piston had lift-off but the housing experienced minimal forces due to the 

bearings.  It was discovered after conversations with New Way Air Bearings that this 

method results in a less stiff system.  They suggested using the pressure from the air 

bearings on the piston to create the gap for the air film which would increase stiffness.  
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Therefore, before the housing could be designed to deform to the correct air gap 

thickness, all factors contributing to the gap must be accounted for. 

 

4.2.1 Housing Background 

There are three main sources of expansion in effect for the FLORA II air gap.  

Deformation of the piston due to the compressive bearing pressure will add 

approximately 0.5 µm of air gap on the top surface while 0.3 µm can be expected on the 

diagonal surfaces as discussed in Section 3.6.2.  As quoted from New Way, the Moglice 

DWH-316 epoxy can be expected to shrink 2 µm for a 1 mm thick application.  

Considering only the effects above, there is a gap of 2.5 µm at the top surface and 2.3 µm 

at the diagonal surfaces.  The remaining deflection must come from the deformation of 

the housing.   

 

Another important aspect of the FLORA II housing to understand is how the bearings are 

potted (glued) into the housing.  In traditional methods for such a piston/bearing system, 

the surface of the bearing must be precisely aligned with respect to the piston surface in 

order to achieve straight motion without the piston rubbing the bearing surface.  The 

method developed by New Way simplifies the previously mentioned process by using the 

piston itself as the reference for the bearing location.  The process can be seen in Figure 

4-2. 

 
 

Figure 4-2.  Potting process for air bearings. 
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The first step in Figure 4-2 shows the square piston (arbitrarily shown as a square, same 

method for any shape) in the center with the darker rectangular air bearings around the 

outside.  In the second step, the air bearings are vacuumed to the piston by applying a 

negative pressure through the supply ports.  With the bearings vacuumed to the piston, 

this assembly is placed inside the housing and held in place with jack screws as shown in 

step three.  Also during this step, the piston is adjusted with the jack screws so that it runs 

completely parallel with housing in both dimensions shown.  When the piston is aligned 

correctly, the epoxy is injected through holes in the housing in step four and the jack 

screws are removed.  The epoxy hardens and since the bearings where vacuumed down, 

they are permanently aligned to piston.  Understanding of this method is important for 

understanding the housing expansion design in Section 4.2.2. 

 

4.2.2 Design for Expansion 

It should be noted that the purpose of this section is to describe how the housing was 

designed to deform, not for the secondary components such as the motor, too, etc.  Once 

the dimensions of the piston along with the thickness of the air bearings are known, a 

rough housing was modeled as shown in Figure 4-3. 

 

 
 

Figure 4-3.  First model of FLORA II housing for triangular piston with front view on left and diametric 
view on left. 

 



 80

ANSYS simulations were then run on this model using the bearing pressure applied on 

the housing where the air bearings were mounted.  The bottom of the housing was 

assumed to be fixed to ground and the two halves of the housing were assumed to be 

bonded together.  The bearing pressure locations can be seen in Figure 4-4. 

 

 
 

Figure 4-4.  Bearing pressure locations for housing simulation in ANSYS (shown in green). 
 
The ANSYS simulation was run with a 40 psi bearing pressure resulting in the 

deformation shown in Figure 4-5. 

 

 
 

Figure 4-5.  Original model of bonded housing deforming under bearing pressure. 
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It can be seen in Figure 4-5 that there is significant deformation in the housing with the 

maximum deflection being 5 µm on the center of the housing front.  The deformation was 

not constant down the length of the housing which could cause unwanted motion or 

system failure.  In order to correct for this material was removed from the top of the 

housing at an angle which allowed a uniform deformation along the housing’s length.  

The altered housing top is seen in Figure 4-6. 

 

 
 

Figure 4-6.  Housing top with removed material for uniform deformation along length. 

 

4.2.3 Bolted Connections in FEA 

The model previously described was not completely accurate because the housing top 

will be bolted to the housing bottom, not bonded.  Therefore, a new housing had to be 

modeled which included the ¼ - 20 bolts used just as in the actual housing.  The 

connections must also be set correctly for the simulation to behave like the real housing.  

To do this the connections were specified as in the model in Figure 4-7. 

 

 
 

Figure 4-7.  Simplified model for housing connections, solid interfaces are frictionless, dashed are bonded. 
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Figure 4-7  is a simplified model of the FLORA II housing.  The solid lines between 

interfaces represent a frictionless connection meaning the bodies will not move through 

each other but are free to slide.  The bonded connections, shown as dotted lines, act as 

though the surfaces were glued together.  With the area of connection going from the 

entire interface between the housing top and bottom to just the bolts the new bolted 

model, Figure 4-8, was less stiff.  

 
 

Figure 4-8.  Complete model of FLORA II housing with bolts used to determine expansion. 

 

The bolted model, however, was still missing a key feature that would completely 

encompass the actual behavior of the housing.  When the housing is bolted together, the 

bolts will have a pretension based on the amount of torque.  ANSYS FEA software has a 

bolt pretension load type which was used to simulate the tightened bolts.  The simulation 

was run once again with appropriate contact surfaces and types specified.  Figure 4-9 

shows the results (in meters) for the vertical deflection of the housing with just the 

pretension.  It is clear that the 7220 N (force determined from appropriate bolt torque for 

a ¼ - 20 bolt) pretension will compress the housing. 
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Figure 4-9.  Vertical deflection of housing with pretensioned bolts only. 

 
Next, the 40 psi bearing pressure was applied along with the 7220 N pretension and the 

simulation resulted in the deformation shown in Figure 4-10. 

 

 
 

Figure 4-10.  Vertical deflection of housing with pretensioned bolts and 40 psi bearing pressure. 
 

A pretension of 7220 N was found to be a common force for the specific bolts to be 

tightened to.  Taking the difference between the center values from the housings in 

Figure 4-9 and Figure 4-10 yields a deflection of 6.0 µm.  As stated in Section 3.6.2 the 
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piston will deform 0.5 µm and the glue being used to pot the air bearings will shrink 2 

µm making the entire deflection 8.5 µm.  This total deflection is sufficient to sustain an 

optimum pressurized air film.   

 
 

Figure 4-11.  Air gap created from piston deflection and glue shrinkage alone. 
 
 

 
 

Figure 4-12.  Air gap created from piston deflection, glue shrinkage, and housing expansion. 
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Figure 4-11 shows how the piston compression and glue shrinkage for each side is simply 

summed.  Figure 4-12 shows how the deflection is evenly distributed when the housing 

top deflects 6.0 µm.  The 6.0 µm deflection is divided evenly between the top and bottom 

gap and added to the deflections seen in Figure 4-11.  It should be noted that the housing 

bottom deflection is negligible when compared with the other deflections.   

 

4.3 Plumbing 

The plumbing issue dealt with designing a method for supplying the air bearings with a 

steady supply of pressurized air.  While this task may seem simple, space in the FLORA 

II is limited which made routing air one of the more difficult tasks.  There were two 

methods for plumbing air through the housing that were examined.  The first involved 

drilling passageways through the housing itself while the second used tubes and fittings.  

Each method had its own advantages but through analysis one method was deemed the 

only practical solution.   

 

4.3.1 Drilled Plumbing 

Upon initial examination of the housing, routing tubes and fittings was deemed to be not 

possible because of the small amount of space available.  Therefore a new method had to 

be developed that would eliminate the need for tubes and fittings.  The solution for this 

problem was drilling the passage ways through the housing.  This would eliminate the 

tubing and fittings could be threaded directly into the housing.  A schematic of this 

design can be seen in Figure 4-13. 
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Figure 4-13.  FLORA II housing with drilled plumbing through housing. 
 
Figure 4-13 is an image of an initial design of FLORA II.  The drilled plumbing can be 

seen running along the length of the top housing with vertical holes drilled down to 

supply the air bearings in the bottom of the housing.  Two air fittings would be threaded 

into the back of the housing top to connect supply air tubing.  Also, in Figure 4-13, the 

counter balance system can be seen as the cylindrical object in the housing bottom.  The 

development of this design is described in Chapter 5.  The counter balance shaft is 

supported by a cylindrical air bushing which also needs supply air.  This was 

accomplished by drilling a vertical hole through to the bottom housing and connecting 

this passage way to the passage way that supplies the bottom air bearings with a 

horizontal hole.  The air flow is seen in Figure 4-14. 
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Figure 4-14.  Schematic of air flow from back of housing to all air bearings. 
 
Figure 4-14 shows the how the flow of supply air is routed through the housing in the 

drilled plumbing design.  While this seemed like an attractive method because there are 

no tubes that could burst or disconnect, the main problem arose when the connection 

between the housing and air bearing was examined.  An air tight seal was required 

between the housing and bearing which is not achieved if the bearing is simply pushed 

against the inside of the housing.  A method was suggested using o-rings that would be 

placed between the bearings and housing.   

 

 
 

Figure 4-15.  Diagram of O-ring placement between air bearing and housing. 
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Figure 4-15 is a simple diagram of how the o-rings would have utilized in the FLORA II 

housing.  Holding the o-rings in place while inserting the bearing into the housing 

became an obvious problem.  Another problem arose during the research of designing 

with o-rings.  To perform properly, both the housing and the bearing should have 

recessions machined out to allow deformation.  This would be an extremely difficult cut 

to make on the inside of the housing top bearing pockets.  The last major issue with using 

the o-rings dealt with their life.  Eventually the o-rings would deteriorate and need to be 

replaced which would be near impossible with the air bearings glued in place.  For these 

reasons, the drilled plumbing design was discarded and a new method was developed.  

 

4.3.2 Plumbing with Fittings and Tubing 

While attending the 2008 ASPE Annual Meeting, representatives from New Way Air 

Bearings demonstrated small diameter tubing as well as small fittings that could be 

implemented in the FLORA II housing.  After receiving dimensioned drawings from 

New Way the fittings and tubing were modeled.  The housing then had to be redesigned 

to allow the plumbing components to fit.  Figure 4-16 shows the redesign.  

 

 
 

Figure 4-16.  Redesign of FLORA II housing for use with tubing and fittings. 
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Figure 4-16 shows how the bearing pocket was simply made wider to allow more space 

for the tubing and fittings.  The tubing then had to be arranged in a way that remained 

simple while still supplying air to all bearings.  Figure 4-17 shows how the tubing was 

routed to all bearings. 

 

 
 

Figure 4-17.  Tubing path for FLORA II air bearings. 
 

It can be seen in Figure 4-17 that with one inlet tube the entire set of piston air bearings 

can be pressurized.  One of the top air bearings is ‘daisy chained’ which means the air is 

supplied to one side of the bearing and routed out of the opposite air port in order to 

supply another bearing.  This method can be used with these air bearings because the 

flow of air is low.  Air ports on bearings that are not being used are plugged with set 

screws.  The air bushings supporting the counter balance shafts also must have an air 

supply.  This cannot be done from the piston’s tubing system.  Therefore, thread holes 

where drilled on the side of the housing so an air fitting could be screwed in.  As stated in 

Section 4.2.1 the bearings are vacuumed to the piston and then placed in the housing to 

be glued.  This process with the FLORA II components can be seen in Figure 4-18.  
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Figure 4-18.  Air bearing fixture process (left) and final housing for FLORA II (right). 
 
Figure 4-18 also shows the final design for the FLORA II housing.  Features of the 

housing that have not yet been described are the numerous holes along the length of the 

bottom housing.  These holes are the epoxy holes and the jack screw holes.  The epoxy 

holes are used during the potting process.  Epoxy is injected into these holes until it 

reaches the edge of the bearing.  The jack screw holes are threaded for a #10-32 bolt.  

This bolt is used in the alignment process described in Section 4.2.1.  Since the piston 

will rest on the jack screws, adjustments are made by turning the screws.  Figure 4-18 

shows the final housing designed using finite element analysis to simulate all of the loads 

on the housing. 
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5 COUNTER BALANCE DESIGN 
To have a system that performs the precise cutting desired from FLORA II, a counter 

balance must be introduced to generate a force equivalent to the force generated by the 

actuation of the piston.  This force is generated opposite to the piston force to cancel the 

dynamic loads.  The FLORA I system has a counter balance arrangement as shown in 

Figure 5-1. 

 

 
 

Figure 5-1.  FLORA I system on diamond turning machine with counter balance [6]. 

 

Figure 5-1 is an image of the FLORA I system mounted on the diamond turning machine 

(DTM) with the counter balance attached at the rear.  A close up of the counter balance 

can be seen in Figure 5-2. 

 
 

Figure 5-2.  FLORA I counter balance with dimensions. 
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As seen in Figure 5-1 and Figure 5-2 the counter balance for FLORA I is very large, 

adding almost 7 inches in total length.  Figure 5-2 shows a more detailed view of the 

counter balance.  It is driven by a voice coil motor that resides inside the black housing.  

There is a threaded bolt on the top of the counter balance to allow the addition of mass.  

The counter balance is supported on the bottom by a set of ball bearings.  While ball 

bearings provide relatively smooth operation, it would be preferred to use an air bearing 

for support, just like the piston.  The disadvantages of the FLORA I counter balance were 

taken into consideration when the counter balance for FLORA II was being designed.     

 

5.1 Inline Configuration 

The first arrangement considered for the FLORA II counter balance was the basic inline 

configuration as implemented in FLORA I.   

 
 

Figure 5-3.  Ideal inline configuration for counter balance of a system [6]. 

 

Figure 5-3 shows the ideal setup for counter balancing the FLORA II.  The same exact 

voice coil motor is used to drive a mass exactly the same as the piston in the opposite 

direction.  The mass is supported by an air bearing, just as the piston.  Ideally, the voice 

coil motors are aligned concentrically to eliminate any moment caused by an offset.  This 

arrangement would be the optimal counter balance design. 
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A design for this type of counter balance was then conceived for use on the FLORA II.  

In order to simplify the design an air bushing was chosen as the support for the mass.  

Again, the same voice coil motor that was used to drive the piston was used in the design 

of the inline counter balance.  With this in mind the inline counter balance for FLORA II 

was modeled. 

 
 

Figure 5-4.  FLORA II inline counter balance design. 

 

Figure 5-4 shows the inline counter balance for FLORA II.  The design consists of a 

mounting block into which the air bushing is inserted.  A cylindrical mass rests inside of 

the bushing and is driven by a voice coil motor.  A portion of the cylindrical mass is 

hollow so the voice coil motor will not add length to the counter balance.  The voice coil 

motor is bolted to a plate which itself is bolted to the mounting block.  This entire 

assembly can then be bolted to the back of the FLORA II housing as shown in Figure 5-5. 

 

 
 

Figure 5-5.  FLORA II housing with inline counter balance attached at rear. 
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While the configuration shown in Figure 5-5 is the optimum design, the size of this 

counter balance is an issue.  The goal of this research is to not only design a fast tool 

servo with high performance, but also to design a smaller system.  The inline counter 

balance adds an extra three inches of total length to the system.  A new design was 

desired which would be an effective counter balance while maintaining a small, light 

package. 

 

5.2 Side Mount Configuration 

To reduce the addition of volume, a new approach was taken to utilize unused volume on 

the FLORA II housing.  After careful examination there were two spaces found where a 

large volume of material was present, but not contributing to the function of the system.  

This volume can be seen in Figure 5-6. 

 

 
 

Figure 5-6.  Locations (dashed circles) of unused volume in FLORA II housing. 

 



 95

Figure 5-6 shows the locations of the unused material with the dashed circles.  The 

thickness of this portion of the housing is so much that there is negligible deflection 

under air bearings pressure.  Therefore it is allowable to remove material for counter 

balances.  The location is still in a relatively small space so the first task was to find a 

type of air bearing which could fit.  Using New Way Air Bearings website a solution was 

found in the form of a 13 mm diameter air bushing.  The inner diameter of the bushing is 

13 mm, the outer diameter is 24 mm, and the length is 50 mm.  All other dimensions and 

specifications can be found in APPENDIX D – Specifications for Counter Balance Air 

Bushing.   

 

The use of an air bushing then constrains the counter balance to a circular shaft.  Also, 

because the material is off center of the FLORA II piston, two counter balances will be 

used to eliminate any off-axis moment created.  However, since there is no way to have 

the counter balance masses operate in this space while being the same height, a small 

vertical offset does exist.  This offset was determined to be negligible when compared 

with the amount of space this configuration will save.  The offsets can be seen in Figure 

5-7. 

 
 

Figure 5-7.  Horizontal and vertical offsets of counter balance shafts from FLORA II piston. 
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Figure 5-7 is a rear view of the FLORA II housing with material removed for counter 

balance components.  Before more detailed views are described, the design process for 

these components must be discussed.  First of all, the geometry of the counter balance 

shafts is known to be a circular shaft and since the outer diameter is fixed, the only two 

unknowns were the length and material. The total moving mass of the FLORA II piston is 

known so the material and length of the counter balance shafts must be set so their 

combined mass is equal to the pistons.  The break down of the piston’s mass can be seen 

in Table 5-1. 
Table 5-1.  Mass properties of components for complete moving mass of FLORA II. 

 
Component Mass (g)
Piston 245.0
Front End Plate 11.6
Rear End Plate 11.6
Tool Holder 13.0
Motor Mount Plate 15.0
Motor Coil 32.6
Scale, bolts 31.2
Total 360.0  

 

Table 5-1 shows the mass for all of the components of the moving mass for FLORA II.  

This is the mass to be matched by the counter balance masses.  As a comparison, the 

moving mass of FLORA I was 650 g making the FLORA II moving mass approximately 

half.  As stated, the length and material of the counter balance shafts will determine their 

mass.  The material was chosen first as stainless steel.  Stainless steel was chosen because 

its surface finish makes it ideal for use with air bearings.  Also, New Way provides 

stainless steel shafts at the correct diameter for all sizes of air bushings which was 

convenient.  With the density of stainless steel and diameter of the shaft known, the shaft 

length can be determined by setting the masses equal to each other and solving for the 

length.  However, the design turned out to not be this simple once the position holding of 

the counter balance mass had to be dealt with.   
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5.2.1 Position Holding 

Position holding is an important aspect in terms of control of the counter balance motion.  

The counter balance masses must be centered in the correct position at the beginning of 

the machining process so that their motion is in unison with the piston moving mass.  If 

the motion is not matched than the counter balances could actually cause more harm than 

good to the surface quality.  The main moving mass is driven under closed-loop control 

meaning the position can be controlled using feedback from a sensor, in this case the 

encoder/glass scale.  It would be very difficult to fit a sensor in the already tight location 

of the counter balances.  Also, closed-loop control would add more coding to an already 

complex control algorithm.  Therefore, it was determined that the counter balance masses 

would be driven by voice coil motors (see Section 7.1.2) in an open-loop scenario.   

 

The simplest method for controlling the position of the counter balance masses was 

established to be a spring.  Unfortunately, the spring will cause an addition of dynamics 

to the counter balance system.  A MATLAB program (code seen in APPENDIX E – 

MATLAB Code for Counter Balance Dynamics) was written to model the dynamics of 

the counter balance as well as the FLORA II moving mass.  The code traces the force 

generated by the acceleration of the moving mass versus time as well as for the counter 

balances.  These two forces are then subtracted to give the remaining resultant force that 

has not been cancelled.  Before the results are shown the force generated by the 

acceleration can be calculated as 

( )tAmmaF ωω sin2−==                                         (5-1) 

where m is mass, ω is the frequency of actuation, and A is the amplitude.  Knowing the 

required piston mass and that the FLORA II moving mass is actuated at ± 2 mm and 20 

Hz.  Substituting the known values into Equation 5-1 yields a force of 10 N.  This is the 

force that must be cancelled by the counter balances.  Also, an estimate of the frequency 

introduced by the spring can be calculated using 

 
m
kf

π2
1

=                                                  (5-2)    
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where m is one of the counter balance masses and k is the stiffness of the spring.  A 

stiffness of 122 N/m was chosen because it is very soft yet still will center the counter 

balance mass.  Equation 5-2 predicts that the spring will introduce a frequency of 4.54 Hz 

to the counter balance system.  Now the resulting force from the MATLAB simulation 

may be observed in Figure 5-8. 
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Figure 5-8.  Resultant force after counter balances influence piston moving mass. 
 

Figure 5-8 shows the resultant force that remains after the counter balance and moving 

mass have been accelerated in opposite directions.  While there is a sinusoidal force 

variation, the peak force that remains is approximately 1 N.  This is 10% of the force 

generated by the FLORA II moving mass itself.  The resulting 1 N force should not have 

a significant influence on machined surface properties.  Also, the 20 Hz actuation 

frequency along with the 4.5 Hz frequency caused by the spring can be seen in Figure 

5-8. 

 

The type of actuation command is also of importance.  When the simulation was run with 

a sine command the system became unstable.  This is because the sine command begins 
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with a velocity.  The object being actuated is initially at rest so when a sine command 

with an initial velocity command begins, the object will over accelerate in order to try to 

‘catch up’ to the command signal.  This acceleration will be too large and when the 

velocity begins to change sign the part will overshoot and become unstable.  The sine 

command can be seen in Figure 5-9 where position is plotted versus time. 

 

 
Figure 5-9.  Difference between input commands (position vs. time). 

 

A slope at the beginning of the position versus time plot of the sine command as shown 

in Figure 5-9 implies a velocity.  An input command of (1-cosine) was introduced to 

replace the unstable sine command.  The (1-cosine) command begins with zero slope as 

shown in Figure 5-9.  Zero slope means no initial velocity and a stable input command.  

This was also the command used in the simulation shown in Figure 5-8. 

 

Two types of spring arrangements were designed and implemented for use on the 

FLORA II counter balances.  The first arrangement was developed as a coil spring 

around the counter balance shaft.  One end of the spring was glued to a shorter section of 

the counterbalance shaft with a larger diameter.  The other end was glued to a plate which 

could then be bolted to the housing as seen in Figure 5-10. 
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Figure 5-10.  FLORA II counter balance assembly. 
 
Figure 5-10 shows how the spring, when glued to the bushing plate and large diameter 

shaft, will always center the counter balance shaft as well as keep the motor coil from 

drifting out of its operating range.  The mass of the counter balance components can be 

seen in Table 5-2.   

 
Table 5-2.  Mass properties of counter balance components for both counter balances. 

 

Component Mass (g)
Small Diameter Shaft (x2) 110.0
Large Diameter Shaft (x2) 36.0
Motor Coil (x2) 14.0
Total 320.0  

 

The small diameter shafts that are supported by the air bushing are 108.5 mm long and 

the large diameter shafts (25 mm) that bolt to the motor coil are 8.5 mm long.  It can be 

seen from Table 5-1 and Table 5-2 that the total counter balance mass is 8 g less than the 

FLORA II moving mass.  This is done in case the moving mass is lighter than 

anticipated, mass can be added to the counter balances after the moving mass is 

established.  An image of the counter balance using a coil spring in the FLORA II 

housing can be seen in Figure 5-11. 
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Figure 5-11.  View of counter balance assembly in FLORA II housing. 
 
Figure 5-11 shows the location of the counter balance assembly in the FLORA II 

housing.  The lower corner of the housing bottom has been machined to allow space for 

the voice coil motor and counter balance shaft.  There is also a single steel plate (see 

Chapter 6) at the rear of the housing to support all three voice coil motors.   

 
The second spring arrangement for position holding that was implemented into the 

FLORA II system was a flexure type spring.  This consisted of a long, small diameter 

aluminum rod which was fixed at the center of the housing.  The two free ends run 

through the two small diameter counter balance shafts as seen in Figure 5-12. 
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Figure 5-12.  Transparent and solid view of flexure spring in FLORA II housing. 

 

Figure 5-12 shows how the flexure spring fits into the FLORA II housing.  The rod can 

be inserted through one side of the housing and through both shafts.  The shafts both have 

holes which are aligned with the rod hole in the housing as shown in Figure 5-11.  The 

rod also passes through a hole in the center of the housing as seen in the solid image in 

Figure 5-12.  Once the rod is aligned correctly, a bolt can be tightened from the bottom of 

the housing to clamp the rod in place as seen in the transparent image in Figure 5-12.  

While only one of the spring arrangements are used at a time, the ability to use both 

options where machined into the FLORA II housing in the event that one method proved 

advantageous. 

 

5.2.2 Counter Balance Experiments 

To determine the effectiveness of the counter balances a series of experiments were run.  

FLORA II was run with just the piston, with the counter balances and piston 180o out of 

phase and in phase.  This will show the worst case scenario, a baseline of the piston and 

the best case scenario.  The experimental setup can be seen in Figure 5-13. 
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Figure 5-13.  Experimental setup of counter balance tests with accelerometer. 
 

An accelerometer was attached to the front of the housing to determine the acceleration 

(force) the housing underwent during the tests.  Accelerometers were also placed on the 

piston and counter balance to measure the force they were generating directly.  This is 

seen in Figure 5-14. 

. 

 
Figure 5-14.  Plot of force measured on piston, counter balances and housing. 

 
Figure 5-14 shows the acceleration of the piston and counter balances are almost exact 

which is the best case.  When magnified the effectiveness of the counterbalances can be 

seen as shown in Figure 5-15. 
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Figure 5-15.  Magnification of Figure 5-14 showing effectiveness of counter balances. 
 
 
Figure 5-15 shows that when the piston is run in phase with the counter balances the 

amplitude of acceleration seen on the housing is roughly twice that of when the counter 

balances are used effectively 180o out of phase.  The piston oscillating by itself has an 

amplitude in-between the two shown in Figure 5-15.  While there is an effect on the 

system it is not the 90% reduction predicted by the model and the piston running by itself 

may not produce much worse of a surface finish than with the counter balances running. 
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6 SECONDARY COMPONENT DESIGN 
The components discussed so far, air bearings, piston, housing, counter balance 

assembly, were the parts which required the most attention in the design of the FLORA II 

system.  However, other components were required to have a functional system.  These 

components include the tool holder, front and rear piston end caps, motor mount plate, 

rear housing plate, encoder cover, and front guard.  While these parts did not require the 

equivalent amount of detail, they were necessary for the FLORA II to operate. 

 

6.1 Tool Holder 

The tool holder was the secondary component which required the most attention to 

design.  This is the part which connects the diamond tool to the piston.  This structure is 

attached to the piston which means it is part of the moving mass.  For this reason it is 

desired that the tool holder be as light as possible.  The tool holder must be stiff as well 

since it is the direct link from the diamond tool to the piston.  Last, the tool holder must 

be dimensioned so that the diamond tool will sit collinear with the measuring direction of 

the glass scale to eliminate the Abbe offset.  Abbe error refers to a linear error caused by 

the combination of an underlying angular error and a dimensional offset between the 

object being measured and the accuracy determining element [12].  The tool used on 

FLORA II can be seen in Figure 6-1. 

 

 
 

Figure 6-1.  Diamond tool for FLORA II. 
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The vertical length from the bottom of the shank to the top of the diamond tool must be 

taken into account during the design of the tool holder.  The first tool holder design 

resembled the tool holder from FLORA I.  An image of this design is Figure 6-2. 

 

 
 

Figure 6-2.  First generation FLORA II tool holder. 

 

The tool holder shown attached to the piston in Figure 6-2 was very stiff, but had some 

problems.  First, the diamond tool is small so the tool holder shown could be shrunk to 

save weight.  Also, there must be a seal at the tool holder to ensure no cutting fluid 

contaminates the air bearings (see Section 6.7).  The ‘T’ like cross section of the tool 

holder shown in Figure 6-2 would be very difficult to seal.  Therefore, a new tool holder, 

shown in Figure 6-3, with a circular cross section was introduced.  

 

 
 

Figure 6-3.  Circular tool holder properties. 
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The seal recession shown in Figure 6-3 allows a type of seal material (latex, neoprene …) 

to be zip-tied to create a tight seal.  When the front end cap is glued into the piston, this is 

a chance they will not sit flush.  Therefore, the assembly recession was introduced so the 

tool holder would have no chance of contacting the piston.  To ensure as light a structure 

as possible, the tool holder was machined out of 6061 Aluminum giving it a mass of 13 g 

as seen in Table 5-1. 

 

 
 

Figure 6-4.  Circular tool holder analysis settings (left) and results (right) from ANSYS. 
 
FEA simulations were run in ANSYS to calculate the stiffness of the tool holder.  The 

ANSYS model involved a vertical load of 2 N at the tool which is the largest force that 

could be observed.  Air bearing stiffness was also applied to the piston.  The result on the 

right of Figure 6-4 is the vertical deflection at the tool tip which is approximately 80 nm.  

This stiffness is suitable for the cutting application. 

 
 
The last step in the design of the tool holder is to check to make sure that the diamond 

tool is at the correct height.  Since the DTM cannot be adjusted vertically, the FLORA II 

will have to be bolted to a micro-height adjuster.  The micro-height adjuster has a vertical 

travel of 225 µm so it was imperative for the diamond tool to sit as close to center of this 

range as possible.  It was known that the distance from the center of the spindle to X – Z 

stage of the DTM is 152.622 mm.  The two heights that where then taken into 

consideration were the distance from the X – Z stage to the top of the micro-height 
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adjuster, and the distance from the bottom of FLORA II to the tool tip.  A schematic can 

be seen in Figure 6-5. 

 
 

Figure 6-5.  Diagram to determine distance from bottom of FLORA II to tool tip. 

 

Using a height gage, the micro-height adjuster is 99.28 mm at its highest.  The distance 

from the bottom of the housing to the tool tip was then made to be 53.5 mm.  This made 

the total distance from the X – Z stage to the tool tip 152.78 mm when the micro-height 

adjuster is at its highest.  When the micro-height adjuster is at its lowest the height will be 

152.555 mm.  This places the distance from the center of the spindle to the X – Z stage in 

the middle of the range of travel of the tool tip concluding the necessary steps in 

designing the FLORA II tool holder.   

 

6.2 Front End Cap 

As shown in Figure 3-27, the support ribs on the inside of the FLORA II piston were 

recessed 5 mm from each end to allow end caps to be glued in place.  The recessions 

meant that they would sit flush with the end of the piston as shown in Figure 6-6. 
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Figure 6-6.  Front end cap assembled into FLORA II piston. 
 
A gap must be present between the outer edge of the end cap and the inside of the piston 

for the glue.  Coors Tek, the company that manufactured the piston, suggested using 3M 

Scotch – Weld DP – 420 Epoxy Adhesive.  The recommended gap was 37 µm.  This gap 

was machined during fabrication.    

 
The remaining features of the front piston end cap are the mounting holes on the front 

face.  There are two sets of #4 – 40 threaded holes, one for mounting the tool holder and 

the second for the alignment during the gluing process.  These holes can be seen in 

Figure 6-7. 

 
 

Figure 6-7.  Front end cap hole specifications. 
 
The tool holder mount holes are threaded for #4 – 40 bolts. A plate with a 5 mm 

thickness will have approximately 8 threads which is sufficient.  The holes are arranged 

so that they are in front of the support ribs (see Figure 6-8) which are glued to the back of 

the front end cap.  This arrangement means the tool holder bolts will be pulling directly 

on a glue interface which is stiffer than if they were pulling at an offset location.    
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Figure 6-8.  Tool holder mount hole locations with respect to piston support ribs. 
 

The alignment holes were to be used in conjunction with the motor mount plate (see 

Section 6.4) to hold the end cap flush with the piston while the glue cures.  Since the 

motor mount plate has the same dimensions as the outside of the piston, the end cap may 

be bolted to the motor mount plate then sat on the end of the piston during the gluing 

process.  This can be seen in Figure 6-9. 

 

 
 

Figure 6-9.  Motor mount plate is bolted to end cap then glue is applied to end cap and inserted to end of 
piston. 

 

After the gluing process shown in Figure 6-9 is complete and the glue has set, the motor 

mount plate is removed and used in the same process for the rear end cap.  The material 

of the front end cap is 6061 aluminum to ensure a light structure since it is part of the 

moving mass.  Table 5-1 shows the mass of the front end cap as 11.6 g. 
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6.3 Rear End Cap 

Most of the topics covered in Section 6.2 describing the front end cap apply directly to 

the rear end cap.  The material and mass are the same as the front end cap as is the glue 

gap and gluing method.  Thickness of the rear end cap is 5 mm just as the front end cap.  

The main difference between the front and rear end caps is the hole locations and 

purpose.  Figure 6-10 shows the front view of the rear piston end cap. 

 

 
 

Figure 6-10.  Rear end cap for FLORA II piston. 

 

As in the front end cap, the holes shown in Figure 6-10 are #4 – 40 threaded holes.  These 

holes attach the motor mount plate to the rear end cap.  The same gluing procedure for 

the front end cap seen in Figure 6-9 is used for the rear end cap.  The rear end cap is part 

of the moving mass and has a mass of 11.6 g. 

 

6.4 Motor Mount Plate 

The initial task of the motor mount plate was to align the end caps flush with the end of 

the piston during the gluing process as seen in Figure 6-9.  After both end caps have been 

set, the motor mount plate resumes its main task of being an interface between the piston 

and the motor coil.  The motor coil has a circular arrangement of three threaded holes 

(see Section 7.1.1 for dimensions).  Bolts cannot be threaded from inside the coil directly 
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into the rear end cap because the bolt heads cannot fit.  Therefore, a part was needed 

which could have the motor coil bolted to it from one side, and the piston from the other.     

 

 
 

Figure 6-11.  Hole description for FLORA II motor mount plate. 
 
Figure 6-11 shows the two sets of holes for the motor mount plate.  Each set was counter 

sunk to ensure the bolt heads would not stick out further than the plate which is 7 mm 

thick.  The assembly between the piston, rear end cap, motor mount plate, and voice coil 

motor can be seen in Figure 6-12. 

 

 
 

Figure 6-12.  Procedure for attaching motor coil to FLORA II moving mass. 
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The motor mount plate is important because it is the interface connecting the FLORA II 

moving mass to the voice coil motor.  The removed sections shown in Figure 6-11 along 

with the aluminum 6061 material help reduce the mass of the motor mount plate to 15 g. 

 

6.5 Rear Housing Plate 

It has been seen that the FLORA II moving mass as well as each counter mass assembly 

is driven by individual voice coil motors.  This means three voice coil motors will need to 

be mounted at the rear end of the housing.  The rear housing plate was designed to hold 

all three permanent magnets of the voice coil motors.   

 
 

Figure 6-13.  Rear housing plate hole specifications. 
   

Figure 6-13 shows the hole locations as well as their purpose.  Housing bottom mount 

holes are through holes intended for a ¼ - 20 bolt that will screw into the bottom housing.  

The piston motor mount holes and counter balance motor mount holes are designed for 

the threaded holes on the motor’s permanent magnets (see Chapter 7).  The other smaller 

holes are #4 – 40 threaded holes intended for any type of mounting that could be 

required.  The voice coil motors fit on the plate as shown in Figure 6-14. 
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Figure 6-14.  Assembly of rear housing plate to voice coil motors and housing bottom. 

 

An FEA simulation was run on the rear housing plate to simulate all three voice coil 

motors operating at the same time.  The main voice coil motor applies a 10 N force in one 

direction while each counter balance motor applies a 5 N force in the opposite direction.  

The analysis settings can be seen in Figure 6-15 and results can be seen in Figure 6-16.  

 

 
 

Figure 6-15.    Analysis settings for rear housing plate simulation in ANSYS where motor forces are in 

opposite directions and housing mount holes fixed. 
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Figure 6-16.  Deformation of rear housing plate under motor force, arrows show deformation directions. 

 

The rear housing plate modeled in the ANSYS simulation shown in Figure 6-16 was ¼ 

inch thick structural steel.  Weight is not an important issue at this part of the system so 

stiffness was the primary objective.  The results in Figure 6-16 show that the deformation 

in the direction of motion at the piston motor location is 90 nm while the transverse 

deformation is 13 pm (Pico meters).  Deformation at the pistons motor location is 

observed because it is the structure which requires the most precision.  The deformations 

at this location are small enough to be neglected meaning the rear housing plate is stiff 

enough.  An interesting observation, however, is that if the stiffness of the back plate in 

the direction of motion (10 N force produces 90 nm deflection so stiffness of 111 N/µm) 

is used with the mass of the piston (0.36 kg) in Equation 5-2 the frequency calculated is 

2796 Hz.  Later in Section 8.1 the first natural frequency of the system was found to be 

2740 Hz.  The back plate coupled with the piston seems to be the source of this 

frequency. 

 

6.6 Encoder Cover 

During the machining process there are cutting fluids being sprayed at the point of 

contact between the diamond and work piece.  This fluid, along with chips from the work 

piece can fly back towards the FLORA II.  This fluid can be damaging to the encoder 

read head and could cause false measurements if it gets on the glass scale.  It is therefore 
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desired to have both protected from such contamination.  Before the encoder cover was 

introduced, there was a hole in the top of the FLORA II housing straight to the encoder 

read head.  This can be seen in Figure 6-17. 

 

 
 

Figure 6-17.  Cross section view of FLORA II system showing opening above encoder read head and glass 

scale. 

 

Figure 6-17 shows the opening in the housing top which leaves the sensitive position 

measurement equipment vulnerable if not covered.  The encoder cover was then designed 

to fulfill this task.  The encoder cover has four counter sunk through holes sized for a #4 

– 40 bolt so it can be bolted to the housing top.  After the encoder reads the position, the 

signal is sent to the controller by a cable.  This cable must be able to pass through the 

housing top so a hole was cut in the back of the encoder cover for this reason.  Also, 

since the cover will rest on both the front and rear slant of the housing top (Figure 6-17), 

one needs to be long and one short.  The individual encoder cover, constructed from 6061 

aluminum, can be seen in Figure 6-18 as well as the encoder cover attached to the 

FLORA II housing.  The portions of the encoder cover that come in contact with the 

housing were covered with rubber foam to create a leak-proof seal. 
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Figure 6-18.  Properties of encoder cover (left) and encoder attached to FLORA II housing (right). 

 

6.7 Front Guard 

Just as in the case for the encoder cover, a front guard was needed to ensure no cutting 

fluid or chips would damage the porous air bearings.  Figure 6-19 shows the front of the 

FLORA II housing if no front guard is present.  

 

 
 

Figure 6-19.  FLORA II system with no frontal protection against cutting fluid. 

 
Figure 6-19 shows that any fluid from the cutting process will hit the front face of the 

FLORA II system.  If this happens, fluid could get between the piston and porous carbon 

material of the air bearings.  The fluid would be detrimental to the life and function of the 

air bearings so some kind of protection was required.  In Section 6.1, the round cross 
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section of the tool holder was described as the best cross section to create a seal.  

Therefore, the same idea was used for the front cover which can be seen in Figure 6-20.    

 

 
 

Figure 6-20.  Description of FLORA II front guard. 

 

The front guard has a seal recession around its circumference just as the tool holder.  This 

feature allows some sort of fastener (rubber band, O-ring, zip-tie…) to wrap around both 

the tool holder and front guard to clamp down a rubber sleeve.  With the rubber sleeve 

clamped down between both parts, a fluid-proof seal is created.  This seal is also air tight 

which means the pressurized air from the bearings could build up behind the front guard.  

For this reason a small air outlet hole was drilled in the bottom of the front guard.  

Cutting fluid should not be able to get in from the bottom of the front guard.  Another 

feature of the front guard is to act like a bumper.  There is a possibility that the FLORA II 

system could become unstable during cutting or testing and shoot forward.  The front 

guard has an over hang that will impede this forward motion if the piston does shoot 

forward.  Last, the mounting holes are arranged so the front guard can be attached to the 

front of the FLORA II system and sit concentric with the tool holder.  The front guard 
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material was chosen as 6061 aluminum.  An image of the front guard attached to FLORA 

II can be seen in Figure 6-21. 

 

 
 

Figure 6-21.  Front guard and seal material attached to FLORA II system. 
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7 ELECTRONICS SELECTION 
The electronics selection involved choosing voice coil motors which were appropriate for 

the application as well as a power supply and amplifier which could power the voice coil 

motors while providing a precise signal.  A diagram of the new color coded wiring 

diagram can be found in APPENDIX F – Wiring Schematic for FLORA II. 

 

7.1 Voice Coil Motors 

 
Voice coil motors are direct drive, limited motion devices that utilize a permanent magnet 

field and coil winding (conductor) to produce a force proportional to the current applied 

to the coil [17].  A simplified diagram of a voice coil motor can be seen in Figure 7-1. 

 

 
 

Figure 7-1.  Cross sectional view of voice coil motor [17]. 

 
The operation of a voice coil motor is based on the Lorentz force principle.  Two leads 

are connected to the coil windings and an electric current is supplied.  When a current is 

supplied to a coil of wires, a magnetic field is produced.  This magnetic field will then 

react to the magnetic field produced by the permanent magnets on the inside of the 

housing to produce a force.  This force will then cause a displacement of the coil since in 
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most applications the permanent magnet (housing and permanent magnet assembly 

referred to as just permanent magnet) is fixed because of its large mass and therefore 

inertia.  To change direction of force the sign of the voltage is changed.  Since 

manufacturers of voice coil motors supply specifications for specific motors, a simple 

process is followed to ensure the right voice coil motor is chosen for the application.   

 
The critical values to examine when choosing a voice coil motor for a specific application 

are the peak force, supply current, and supply voltage.  If a desired voice coil motor 

(VCM) cannot handle the power requirements, then a different VCM must be found.  The 

process begins with  

maF =                                                                    (7-1) 

where F is the  peak force required from the VCM, m is the moving mass, and a is the 

acceleration of the moving mass.  The moving mass is known and the force is the 

quantity of interest.  Acceleration can be found using 

( )tAa ωω sin2= .                                                        (7-2) 

Equation 7-2 represents the acceleration of the mass after the second derivative of a 

sinusoidal displacement has been taken.  The frequency of oscillation is ω and A is the 

amplitude of oscillation.  Once the acceleration is known, the force is calculated using 

Equation 7-1.  VCM manufacturers have a force constant, Kf, specification for each 

VCM.  By dividing the force by the force constant the supply current, I, can be 

determined.  The supply voltage, V, is found by using the supply current along with the 

resistance of the coil, R, in Ohm’s Law equation given as 

IRV = .                                                                (7-3) 

The resistance of the coil is also a value which the manufacturer supplies.  This method is 

explained in more detail in APPENDIX G – Voice Coil Motor Selection Formulae.  It 

was with the method described above that the VCMs for the piston and counter balances 

could be chosen.   
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7.1.1 Piston Voice Coil Motor 

It was known that the moving mass had a mass of 320 g and was to operate at ±2 mm and 

20 Hz.  Using these values in the method described in Section 7.1, it was found that the 

peak force required was 10 N.  A series of VCMs manufactured by BEI Kimco 

Magnetics were then examined on their website.  The goal was to ensure the motor could 

handle the force and stroke while remaining as small as possible.  The VCM which fit the 

profile for the FLORA II moving mass application was the LA12-17-000A.  The 

specifications for this VCM can be found in APPENDIX H – Specifications for Piston 

Voice Coil Motor.  An image of the VCM can be seen in Figure 7-2. 

 

 
 

Figure 7-2.  FLORA II piston VCM with coil out of permanent magnet and inside permanent magnet  

 

Before the current and voltage requirements were examined, some terminology must first 

be explained.  The peak value of acceleration was found using Equation 7-2.  The RMS 

value is the root mean square value which is found by multiplying Equation 7-2 by 0.7.  

Instantaneous peak values describe a sudden spike of voltage or current which may occur 

during the machining and as a rule of thumb is taken to be three times the RMS value.  

Table 7-1 shows the values found for the VCM in FLORA II. 
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Table 7-1.  Current and voltage requirements for the FLORA II piston VCM. 
 

RMS Continuous Peak Instantaneous Peak
Current (A) 1.00 1.44 3.00
Voltage (V) 2.80 4.04 8.40  

 

When compared with the values displayed in APPENDIX H – Specifications for Piston 

Voice Coil Motor, the values in Table 7-1 are all below the peak current and voltage for 

the LA12-17-000A.  Therefore it was determined that this VCM was suitable for the 

FLORA II moving mass.  The last feature of the VCM that had to be examined was the 

heat generated during operation.  If the coil overheats, it could experience irreversible 

damage.  Using the following equation 

RIP 2=                                                                (7-4) 

where P is the power consumed by the VCM, 5.81 watts, during operation, the heat 

generated could be calculated.  The continuous peak current was used for this calculation.  

Knowing the resistance of the coil and that this particular VCM would heat 7°C for every 

watt, it was calculated the coil temperature would increase by 40.6°C.  Adding this to the 

lab temperature was well below the 155°C maximum allowable coil temperature.  Actual 

measurements revealed an increase of only 1.9oC after 15 minutes of continuous 

operation occurred.  

 

7.1.2 Counter Balance Voice Coil Motors 

The VCMs for the FLORA II counter balances were chosen using the same method in 

Section 7.1.1 for the piston VCM.  The counter balance driven mass was half the pistons 

or 160 g.  The counter balances also operate at ±2 mm and 20 Hz.  Using the method 

described in Section 7.1 the peak force required for one counter balance assembly was 5 

N.  A VCM was found using the BEI Kimco website that was suitable for this force and 

stroke.  The VCM found was the LA10-12-027A whose specifications can be found in 

APPENDIX I – Specifications for Counter Balance VCM.  An image of the counter 

balance VCM can be seen in Figure 7-3. 
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Figure 7-3.  Counter balance VCM with coil out of permanent magnet and inside permanent magnet. 

 

Using the same method and terminology as in Section 7.1.1, the following current and 

voltage requirements were found for the counter balance VCM.   

 
Table 7-2.  Current and voltage requirements for the FLORA II counter balance VCM. 

 

RMS Continuous Peak Instantaneous Peak
Current (A) 0.60 0.86 1.81
Voltage (V) 6.63 9.47 19.90  

 

It can be seen from Table 7-2 and APPENDIX I – Specifications for Counter Balance 

VCM that the counter balance VCM requirements are below the quoted peak values.  The 

heat generated during operation is calculated using the same method used for the piston 

VCM.  Using Equation 7-4, the power consumed by the counter balance coil was 8.14 

watts.  BEI Kimco quotes the LA10-12-027A VCM as increasing 11.3°C per watt.  This 

means for an increase of 92°C in temperature would occur.  Combined with the ambient 

temperature of the lab the temperature of the coil was below the 155°C limit, but not by 

as much as the piston coil.  Using the method described appropriate VCMs have been 

chosen for the piton (BEI Kimco LA12-17-000A) and counter balances (BEI Kimco 
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LA10-12-027A) which had appropriate force and displacement characteristics while not 

exceeding the voltage and current peaks specified by the manufacturer.   

 

7.2 Linear Amplifier and Power Supply 

The amplifiers used to power the FLORA II system were chosen with help from Karl 

Falter, a former graduate of the Precision Engineering Center.  The amplifiers operate in 

torque (force) mode which means a voltage signal is input to the amplifier and a current 

is output.  This current can be modified using a gain in the amplifier.  The current signal 

output is then sent directly to the VCMs.  Amplifiers are chosen based on current and 

power requirements.  The amplifiers chosen were two Trust Automation TA115 linear 

amplifiers.  One amplifier is used for the piston VCM while the second is used to power 

both counter balance VCMs in series.  Specifications and setup can be found in 

APPENDIX J – Trust Automation TA115 Amplifier.   

 

The gain of the amplifiers is an important part of the controller design discussed in 

Section 8.2.  The amplifier itself has four gain settings itself which are 2, 4, 6, and 8 amps 

per 10 volts.  Formulation of the entire gain for the system is shown using the 2 A per 10 

volt setting.  Beginning with Newton’s Second Law 
2F ma mx mAω= = =                                                               (7-5)      

where F is force, m is the moving mass, a is acceleration, A is amplitude of motion, and 

ω is frequency.  It is also known that 

A FF G K=                                                            (7-6)  

where GA is the amplifier gain and KF is the force constant for the VCM.  Setting 

Equations 7-5 and 7-6 equal to each other and solving for A yields  

2
A FG KA

mω
= .                                                                      (7-7) 

Inserting known values into Equation 7-7, 
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( )( )
( ) 2 2

2 7.34 4158100010
0.354 1
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kg mω ω

⎛ ⎞= ⋅ =⎜ ⎟
⎝ ⎠

                                 (7-8) 

The 4158 mm/V is the system gain for the 2 A per 10 V setting.  The gain will then 

increase linearly with increase in amplifier gain setting.  For example, if the 4 A per 10 V 

setting were to be used instead, just double the 4158 mm/V. 

Once again, the power supply chosen for the FLORA II system was selected with help 

from Karl Falter.  A power supply is needed to supply a voltage to the linear amplifiers.  

The AC voltage supplied from a wall outlet is input to the power supply which then 

generates a DC voltage output.  A Sola Hevi-Duty linear power supply was chosen to 

power the two amplifiers.  The output of the 83-24-260-3 model used is 24 V at 6 A.  

This output is chosen based on VCM and amplifier requirements.  A linear power supply 

was chosen because of the low signal noise due to smoothing by a capacitor.  It was 

imperative to have a linear supply voltage since any noise in the signal would translate to 

unwanted motion of the VCMs.  Specifications for the OEM Linear Power Supply 83-24-

260-3 model can be found in APPENDIX K – Sola Hevi-Duty Power Supply.   

 

7.3 Encoder 

A fast, high resolution position sensor is crucial for successful operation of the FLORA 

II.  FLORA I utilized a Sony BH25-005REHBT01 Reflective LASERSCALE linear 

encoder with a maximum resolution of 0.0625 nm.  Because of the resolution and high 

quality of this position sensing device, it was decided to transfer the encoder from 

FLORA I to FLORA II.   

 

The Sony LASERSCALE position sensing package consists of a glass scale and an 

encoder read head which reads the relative position of the scale.  To begin, the encoder 

read head is capable of emitting a laser beam and is also fitted with a photo detector.  The 

glass scale is composed of gratings placed above a reflective λ/4 phase plate where λ is 
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the wave length of the laser emitted from the encoder read head.  A general diagram of 

the operation between the read head and glass scale is shown in Figure 7-4. 

 

 
 

Figure 7-4.  Position sensing function between encoder read head and glass scale. 

 

As seen in Figure 7-4 a laser beam with a wavelength λ is emitted into a polarizing beam 

splitter.  The beam splitter breaks the laser beam into two components which are 

diffracted from the gratings on the glass scale to a λ/4 phase plate.  The λ/4 phase plate 

shifts the phase of the beam 90° and the beam is reflected back off of the mirror 

underneath.  The beam is once again diffracted by the gratings and the two return 

components enter the beam splitter once more.  Beams returned to the splitter intersect 

opposite the direction of the incoming laser beam.  Therefore, every time the encoder 

translates one λ, the light and dark invert four times generating a signal pitch which is 

four times smaller than the grating pitch.  The resolution of the encoder is 1 nm while the 

grating pitch is 1 µm.   
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8 CONTROLLER DESIGN 
The control system implemented for the FLORA I was also used for the FLORA II with 

some changes.  The controller gains had to be modified since the drive system and piston 

are different between FLORA I and II.  This code was written by doctoral student Qunyi 

Chen and can be described in his dissertation [1].  The main aspects of the code were 

reviewed for FLORA II and flow diagrams of the critical portions of the control program 

were created and can be found in APPENDIX L – Controller Flow Charts.  To identify 

the new controller gains, the FLORA II system first had to be characterized using open 

loop tests.  Once the behavior of the system had been captured, a control filter could then 

be tailored specifically for FLORA II.  Closed loop tests were then run to observe the 

controllers performance.  The experimental setup for the controller tests is shown in 

Figure 8-1. 

 

    
 

Figure 8-1.  Experimental setup for FLORA II controller design and testing. 
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Figure 8-1 shows the FLORA II system mounted to the micro-height adjuster and bolted 

to a lab table top with ¼ - 20 threaded holes.  This lab table was then placed on the larger 

table with vibration isolation material acting as an interface between the two.  The 

computer monitor from which the controller code was modified can be seen on the left of 

Figure 8-1. 

 

8.1 Open Loop System Identification 

The first task completed in the controller design was identifying the open loop dynamics 

of FLORA II.  This would give a model to design the controller.  The simplest way to 

capture the dynamics of the system was to perform a sine sweep.  Sine sweeps involved 

running the piston with a sinusoidal command and changing the frequency of this 

command through a range of interest.  For the FLORA II, it was determined that a range 

of 0 to 4 kHz would be sufficient so a sinusoidal command was run every 10 Hz from 0 

to 4 kHz.  Linear dynamic systems respond to a sinusoidal excitation with motion at that 

same frequency but with an increased or diminished magnitude and a different phase.  So 

an excitation of  

sinA tω                                                                    (8-1) 

produces a response of  

( )sinB tω φ±                                                                (8-2) 

Once this response is determined, a model for the system can be constructed.  This model 

serves as the reference to develop a feedback control system that can produce the desired 

response up to some frequency limit.  Once this had been completed the data was 

analyzed and the transfer function of the system was plotted.  The transfer function is 

defined as the ratio of output to input.  Therefore, the transfer function for FLORA II was 

millimeters of output displacement measured by the encoder divided by voltage input to 

the VCM.  The open loop transfer function of FLORA II (in rad/sec) is shown in Figure 

8-2. 
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Figure 8-2.  Open loop transfer function of FLORA II from sine sweep. 
 
 
Figure 8-2 shows the open loop transfer function of FLORA II from a sine sweep 

command.  The data below 10 Hz (62.8 rad/sec) is irregular because the frequency is so 

low that only a certain amount of cycles were captured where at higher frequencies there 

were many waves to collect data from.  A 40 dB per decade slope can be seen in the 

magnitude plot which is characteristic of such a system.  The first real peak, indicating a 

natural frequency, is located around 2740 Hz (16,965 rad/sec) and is mostly visible due to 

the 180o phase shift.  A reason for this peak is described in Section 6.5.  The data after 10 

Hz in the phase plot shows that the system remains 180o out of phase until 2740 Hz 

(16,965 rad/sec) when it operates at the natural frequency causing an 180o shift in phase 

which is also evident from Figure 8-2.   

 

There is one peak in amplitude and phase which can be seen in both the magnitude and 

phase plots at roughly 220 Hz (1,382 rad/sec).  The effect creates zero slope in the 
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magnitude plot and a bump in the phase.  A magnified view of this is shown in Figure 

8-3.  

10
3

-55

-50

-45

M
ag

ni
tu

de
 (d

B
)

10
3

-180

-170

-160

Frequency (rad/s)

Ph
as

e 
(d

eg
)

 
Figure 8-3.  Magnification of abnormality in open loop transfer function at 220 Hz (1,382 rad/s). 

 
 

The problem shown in Figure 8-3 was caused by rubber vibration isolation material under 

the optical bench used to mount the FLORA II for counter balance development.  This 

rubber had horizontal natural frequency of 220 Hz and it added this to the motion of the 

piston.  When the rubber was removed the same frequency range behaved as seen in 

Figure 8-4. 
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Figure 8-4.  Magnification of transfer function at 220 Hz (1,382 rad/s) after vibration isolation material 

removed. 
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The frequency units in Figure 8-3 (Hz) and Figure 8-4 (rad/s) are different but the plots 

show the same window of data.  Removing the vibration isolation blocks eliminated the 

feature in the frequency at 220 Hz (1382 rad/s) which meant a model could now be fit to 

the actual open loop frequency response. 

 
A model was fit to the experimental transfer function by combining expressions that 

would account for the different types of behavior.  To model the 40 dB per decade slope 

the following expression was used 

2

1
s

.                                                                            (8-3) 

The location on the plot where the transfer function crosses zero magnitude and zero 

frequency also needs to be input.  This value essentially shifts the transfer function up 

and down vertically.  The value used here is the system gain which was calculated earlier 

in Section 7.2.  This value, which will be called GA, is multiplied by Equation 8-3.  The 

last portion of the plot that was modeled was the natural frequency peak and its location.  

The expression modeling this is as follows 
2

2 22
n

n ns s
ω

ζω ω+ +
                                                              (8-4) 

where ζ is a damping term dictated by the magnitude of the natural frequency peak and 

ωn is the natural frequency value in rad/s.  Multiplying all terms together produces the 

following equation which approximates the experimental transfer function. 
2

4 3 2 22
A n

n n

G
s s s

ω
ζω ω+ +

                                                          (8-5) 

The values of ζ = 0.05, ωn = 17,216 rad/s and GA = 4158 mm/V determined from Figure 

8-2 can be substituted into Equation 8-5 to give 
12

4 3 8 2

1.23
1722 2.96

e
s s e s+ +

                                                    (8-6) 

A plot of the experimental transfer function versus the model described above is shown in 

Figure 8-5. 
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Figure 8-5.  Experimental transfer function versus approximated model for FLORA II. 

 

8.2 Closed Loop Controller Design 

The control filter implemented in the code for FLORA II is a PID controller with an 

acceleration feed forward term.  A block diagram for this filter is shown in Figure 8-6. 

 

 
Figure 8-6.  Block diagram for FLORA II control filter. 
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The gains, KP, KI, and KD for the controller were determined using the following method 

described by David Trumper [18].  Trumper states that the individual controller gains are 

a function of an overall controller gain, K, which is dictated by the natural frequency of 

the system.  A transfer function for a PID controller in the frequency domain is  

( ) 11
( ) 0.1 1

d

i d

T sY s K
X s T s T s

⎛ ⎞
= + +⎜ ⎟+⎝ ⎠

                                                    (8-7)    

where K is the overall gain, Ti is the integral period, and Td is the derivative period.  A 

figure that shows how Trumper states these values are associated with the desired 

bandwidth, ωb, is shown in Figure 8-7.  The bandwidth chosen for the FLORA II was 10 

times the operating frequency (20 Hz) which makes it 200 Hz. 

 
 

Figure 8-7.  Relation between controller gains and natural frequency of system as stated by David 
Trumper. 

 
Using Trumper’s plot (Figure 8-7) the gains can be found by using a general rule that  

                                                
10

b I

P

K
K

ω
 and   

2
b P

D

K
K

ω
.                                                    (8-8) 

Figure 8-7 shows that the integral term is used for low frequency disturbance rejection 

while the derivative term is used for high frequencies.  Changing the gains KI and KD 

shifts the negative and positive slopes seen in Figure 8-7 horizontally.  This allows the 

designer to choose where the gains have the most influence depending on the dynamics 

of the system.  Changing the gain KP shifts the entire curve in Figure 8-7 up and down.  A 
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shift up increases the response speed of the system while shifting down decreases its 

speed.  The proportional gain, KP, is chosen by plotting the transfer function of the 

control filter and using the gain margin and phase margin.  The plot of the control filter 

transfer function is shown in Figure 8-8. 

 

 
 

Figure 8-8.  Control filter transfer function showing gain margin and phase margin. 

 

The gain margin shown on the magnitude plot of Figure 8-8 is the distance from 0 dB to 

the plot of magnitude at the frequency where the phase goes through 180o.  The phase 

margin is the distance from the phase plot to -180o at the frequency where the magnitude 

goes through 0 dB.  A general rule is that the gain margin should be approximately 8 dB 

and the phase margin should be greater than 45o.  Increasing KP will shift the magnitude 

plot up decreasing the gain margin.  The system will go unstable when the gain margin 

reaches 0 dB so leaving 8 dB of space ensures a stable system.  This is how the 

proportional gain was chosen for the FLORA II control filter.  The integral gain and 
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derivative gain are then calculated using Equation 8-8 and the known bandwidth of 200 

Hz. 

 

Three sets of control gains will be discussed in this section.  There is a low gain, medium 

gain, and high gain.  Low gain refers to gains with smallest numerical values and so on.  

A plot of the three control filters (analogous to Figure 8-7) is shown in Figure 8-9.   

 

The medium and high gains are similar so not much of a difference is seen between them 

in Figure 8-9.  The low gain is much different especially the integral term which is about 

16,000 times smaller.  This is seen in Figure 8-9 in that the negative slope is shifted much 

further to the left than the other two.  This implies that the integral gain on the low gain 

control filter will only reject disturbances at frequencies much lower than the other filters.  

The integral gain on the medium and high gain control filters will reject disturbances over 

a much larger range making them more effective.  

 
Figure 8-9.  Control filters for low, medium and high gains. 
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As stated earlier, the control filter uses acceleration feed forward as well as the PID 

controller.  The feed forward term bypasses the control elements ending directly at the 

load.  Therefore, the feed forward term for FLORA II is the voltage command directly to 

the motor.  This gives the system a predefined command which allows the system to 

‘anticipate’ the upcoming position.  The feed forward term also has a gain, KA, which is 

the reciprocal of the system gain discussed in Section 7.2.  This feed forward gain is a 

function of the motor constant, KF, which when referring to APPENDIX H – 

Specifications for Piston Voice Coil Motor, can be seen to be variable with stroke.  To 

ensure the motor is driving the piston with a constant force, KF must be accounted for in 

the feed forward term.  This was done by fitting a curve to the variable force curve and 

using the equation for that curve as the new variable.  The equation was then dependent 

on the position reading of the encoder which was known.  The development of this 

equation is shown starting with Equation 7-7. 

2
A FG KA

mω
=                                                                      (8-9) 

Again, GA is the amplifier gain and KF is the force constant for the VCM, m is the mass 

of the piston and ω is the operating frequency.  Now the KF is not simply 7.34 N/A 

(Newton’s per amp) as before.  Instead, KF is represented by an equation describing the 

curve in Figure 8-10. 
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Figure 8-10.  Force curve and equation for main voice coil motor. 
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Inserting the equation seen in Figure 8-10 into Equation 8-9 yields the new expression 

( )2 15

2

0.105 5 7.3205AG x e x
A

mω

−− + +
= .                                              (8-10) 

In the controller code the variable x is the encoder position.  Also, the amplifier gain 

setting of 8 A per 10 V was used. 

 

8.3 Closed Loop Experiments 

Once the controller gains had been determined the next step was to operate FLORA II 

using the closed loop controller code.  The first experiment involved sending a step 

command to the piston and observing the response.  Step responses are an informative 

way to characterize the closed loop operation of a system.  The ability of the system to 

follow a command was tested by using a sinusoidal command.  A sine sweep of the 

system showed the effectiveness and bandwidth of the controller.  The last tests run were 

holding position and the tilted flat program which would show how the system would 

perform during machining.   

 

8.3.1 Closed Loop Step Response 

The programmed step command used in the closed loop test of FLORA II is shown in 

Figure 8-11. 

 
Figure 8-11.  Step command for FLORA II closed loop experiments. 
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The command begins by locking the piston at zero displacement and holding for one 

second.  Then it instantaneously steps to 12 µm of displacement based on largest 

command for the 2 mm 20 Hz sine wave, waits for 2 seconds, then instantaneously steps 

back 12 µm in displacement.  Since the system cannot instantaneously move 12 µm, the 

response can be characterized in terms of rise time, overshoot and settling time.  It should 

also be noted that the gains mentioned in Section 8.2 were not the only gains used in 

experiments.  One of the first gain sets which was determined from a Simulink simulation 

was 

KP = 60, KI = 1, and KD = 0.179 (low gains). 

Both the proportional and derivative terms are somewhat close to the final gains 

discussed in Section 8.2 but the integral term is much lower.  The result for this step 

response is shown in Figure 8-12. 

 
Figure 8-12.  Step response with gains KP = 60, KI = 1, and KD = 0.179. 

 
At the scale in Figure 8-12 the response seems as though it follows the command nicely.  

But upon further examination it was found that this was not the case.  
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Figure 8-13.  Magnification of region 1 (left) and region 2 (right) on Figure 8-12. 

 
It can clearly be seen in Figure 8-13 that the system is critically damped since there is no 

overshoot which also means the system takes longer to get to the desired position (longer 

rise time).  Even more clearly is the absence of integral gain.  The right image in Figure 

8-13 shows that the response never settles to the command even after all command 

motion is constant.  It is desired that a system performing as the one shown in Figure 

8-13 react quicker to a command as well as hold position at the command.  

 

Another set of controller gains used to stiffen the system further for a faster response 

were as follows 

KP = 200, KI = 24,000, and KD = 0.33 (high gains). 

These gains are clearly higher than the previous gains, especially the integral component 

which should eliminate much of the steady state error.  The proportional is higher as well 

so the system should react quicker.  The response is shown in Figure 8-14. 
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Figure 8-14.  Step response with gains KP = 200, KI = 24,000, and KD = 0.33. 

 

This time at the larger scale an overshoot can easily be seen but nothing else so again 

magnification is required.  
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Figure 8-15.  Magnification of region 1 (left) and region 2 (right) on Figure 8-14. 

 
Figure 8-15 shows that the system is responding faster when compared with the same 

area in Figure 8-13.  The overshoot is a direct consequence of the increase in gain which 

produces a higher force, more momentum and more overshoot.  The increased integral 

gain has eliminated most of the steady state error when comparing the magnification of 

region two of Figure 8-13 and Figure 8-15.  While the response for this set of gains was 

better, it seemed as though there was almost instability in the system.  The motor whined 
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during operation and the oscillations around the command position never settled out.  

This was an indication that the gains were too high this time instead of too low as in the 

first case.  

 

The next set of gains used in the controller code was larger than the first case shown and 

smaller than the second.  They were the gains listed in Section 8.2 which were  

KP = 135, KI = 16,200, and KD = 0.225 (medium gains). 

The step response at a larger scale looked similar to the others as shown in Figure 8-16. 

 

 
Figure 8-16.  Step response with gains KP = 135, KI = 16,200, and KD = 0.225. 

 
Figure 8-16 looked very similar to Figure 8-14 with respect to overshoot and both 

followed the command well.  However, the larger scale plot shows that this set of gains 

performed better than others.  The magnifications are shown in Figure 8-17. 
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Figure 8-17.  Magnification of region 1 (left) and region 2 (right) on Figure 8-16. 

 

Figure 8-17 shows that the system reacts quickly with these gains just as in Figure 8-15 

except with these gains the system holds position very well.  The right plot of Figure 8-17 

shows the system holding close to the commanded position without any type of residual 

oscillations from instability.  The three different sets of gains described in this section 

were chosen to shown critically damped, unstable, and well tuned systems even though 

many other sets of gains were tested. 

 

A simulation of the system was created to respond to a similar step response to see the 

accuracy of the model.  The actual response of all three gain sets is shown in Figure 8-18. 
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Figure 8-18.  Actual 12 µm step response of FLORA II system using low, medium and high gains. 

 

The model was given a unit less step input which means the displacement will also be 

unit less.  The gains however were the same as used in Figure 8-18.  The purpose is to see 

if the trends of the model are similar to those in Figure 8-18.   Figure 8-19 shows the 

models response to the step input. 

 
Figure 8-19.  Response of model to step input using low, medium and high gains. 
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The response in Figure 8-18 and Figure 8-19 are different because there is significantly 

more overshoot in the model than actual system.  The model also has a much faster 

settling time than the model.  The only real correlation between the two is that in both the 

system responds faster as the gains increase.   

 

8.3.2 Closed Loop Sine Wave Tracking 

While the step response was an informative way to observe how the system would react 

to a disturbance, it was also important to investigate the system’s ability to follow a 

command.  To do this a sine wave was generated and the response was compared to the 

command.  The generated command for these experiments was a 20 Hz, 0.5 mm 

amplitude sine wave.  Again, the first set of gains to be tested in this experiment were 

KP = 60, KI = 1, and KD = 0.179. 

These gains produced a response shown in Figure 8-20.  
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Figure 8-20.  Sinusoidal command tracking of system with gains KP = 60, KI = 1, and KD = 0.179.  
 

At this scale the response appears to be tracking the command very well, but when a peak 

was magnified, error was observed as in Figure 8-21. 
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Figure 8-21.  Magnification of sine wave peak from Figure 8-20. 
 
Figure 8-21 shows the response is about 4 µm short of the command which is large when 

the desired surface finish is 5 nm RMS.  Another way to look at the tracking error is too 

subtract the two waves.  This is shown in Figure 8-22. 
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Figure 8-22.  Tracking error of data from Figure 8-20. 
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The PV error seen in Figure 8-22 is 5.5 µm.  The error shown is larger than the actual 

error because of a lag in phase.  To account for this a sine wave is fit to the tracking error 

and then subtracted from the tracking error.  This is shown in Figure 8-23. 
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Figure 8-23.  Tracking error with fit sine wave (left) and with sine wave removed (right) for data in Figure 

8-22. 
 
Figure 8-23 shows that removing the sine wave decreased the PV error from 5.5 µm to 

1.6 µm. 

 

The gains which provided the best step response were used in an attempt to decrease the 

1.6 µm PV error which is seen in Figure 8-22.  Again these gains were 

KP = 135, KI = 16,200, and KD = 0.225. 

Their response to the 20 Hz, 0.5 mm amplitude sine wave can be seen in Figure 8-24. 
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Figure 8-24.  Sinusoidal command tracking of system with gains KP = 135, KI = 16,200, and KD = 0.225.    
 
Again, not much can be determined at the scale shown in Figure 8-24 so the response will 

be magnified and is shown in Figure 8-25. 
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Figure 8-25.  Magnification of sine wave peak from Figure 8-24. 

 

It can immediately be seen from Figure 8-25 that the difference between the command 

and response is less than in Figure 8-21.  If the command signal is subtracted from the 

response data, the result will be the tracking error which is shown in Figure 8-26.  
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Figure 8-26.  Tracking error of data from Figure 8-24. 

Once again it is desired to observe the tracking error with the sine wave removed.  This is 

shown in Figure 8-27. 
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Figure 8-27.  Tracking error with fit sine wave (left) and with sine wave removed (right) for data in Figure 

8-26. 
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It can be seen from Figure 8-27 that the higher gains performed better than the lower 

gains by increasing the reaction speed as well as the positioning error to give a PV error 

of 600 nm. 

 

Using the transfer function model of the system the tracking error seen in Figure 8-23 and 

Figure 8-27 can be compared to what the model would predict the error to be.  By 

subtracting the command from the system plant the error can be modeled as seen in 

Figure 8-28. 

 
Figure 8-28.  Error transfer function modeled for FLORA II using low, medium and high gains. 

 
Although there is only sinusoidal tracking data provided for low and medium gains, all 

three were still modeled in Figure 8-28.  To compare the magnitude it is known that the 

transfer function is a ratio of output of a system to its input.  From the magnitude plot the 

dB ratio for the low and medium gain can be seen at 125 rad/s (20 Hz) to be -69.3 dB and 

-77.0 dB.  To find the error this relates to the following method was used.  For a dB value 

it is known that 
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 20log outputdB
input

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
                                                            (8-11) 

where the output is the desired error value and the input is the 1 mm PV sine wave 

amplitude used in the experiments.  Using the dB values for low and high gain and 

solving for output in Equation 8-11, the theoretical error for the low gain is a PV of 343 

nm and for the high gain a PV error of 141 nm.  The experimental results shown in 

Figure 8-23 and Figure 8-27 give a low gain PV error of 1.6 µm and a high gain PV error 

of 600 nm.  The experimental errors are significantly higher than the theoretical values 

but the ratios (343 nm/1.6 µm and 141 nm/600 nm).  

 

The phase offset between the tracking error and the command can also be predicted by 

Figure 8-28.  Figure 8-28 states that at 125 rad/s (20 Hz) the phase offset for the low gain 

should be 183o while the high gain should have an offset of 116o.  This is found by 

measuring the distance from the intersection of each gains respective curve and 125 rad/s 

to the reference phase angle at low frequency which is 444o.  The experimental values are 

determined from Figure 8-23 for the low gain and Figure 8-27 for the high gain.  The 

phase offset can simply be measured from the two waveforms on each figure.  Using this 

method it was seen that the experimental value for the low gain was 216o and the 

experimental value for the high gain was 115o.  The experimental phase offsets are close 

to what the theory predicts even though the error amplitudes were significantly different.  

It should be emphasized that the comparisons made with Figure 8-28 were between the 

command and the tracking error, not the command and response which are more closely 

related.          

 

8.3.3 Position Holding Experiment 

The ability of the controller to hold a specified position is an important attribute when the 

FLORA II is used to machine a rotationally symmetric part.  This type of machining 

would eliminate the need for the tool slide in the Z-direction.  Therefore the piston is held 

in place in this scenario by the controller.  Holding position also shows how well the 
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system can reject disturbances and its ability to quickly move to a position.  For this 

experiment, the controller code was changed to operate from the list on the FLORA II 

controller graphical user interface (GUI).  This can be seen in Figure 8-29 under the 

“Operation Mode” heading.  

 

 
 

Figure 8-29.  FLORA II controller graphical user interface (GUI). 
      

To hold position the ‘Move to a position’ option was highlighted which immediately 

holds the piston at the current position.  The piston was then moved to its mid-stroke 

position by typing a 0 in the ‘Move to’ box then clicking ‘Go.’  This would send the 

piston to mid-stroke and hold position.  The position holding using the gains  

KP = 135, KI = 16,200, and KD = 0.225 

is shown in Figure 8-30. 
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Figure 8-30.  Position holding data for time domain (top) and frequency spectrum (bottom) for FLORA II 

using controller gains KP = 135, KI = 16,200, and KD = 0.225. 
 
Figure 8-30 shows the PV error when holding position to be approximately 6 nm with the 

largest spike on the frequency spectrum having a magnitude of 0.5 nm.  This is a vast 

improvement over the FLORA I system which had a PV position holding error of 50 nm.  

The position holding experiment was also run using the lower gains as in Figure 8-20 

which had almost an equivalent PV error.  However, the problem with those gains was 

that because the integral gain was so low the piston would drift and take long periods of 

time to settle back to the prescribed holding position.  After the integral gain was 

increased as in Figure 8-30, the piston would immediately move to its commanded 

position without drifting.  It is the integral gain that was the key to achieving a system 

that could hold position as well as in Figure 8-30.  

 

8.3.4 Tilted Flat Program Experiments 

The last experiment run to observe the performance of controller gains was to run the 

system with the tilted flat program.  To run the tilted flat program the code was always 

offset so the controller read that the tool was in the center of the part (X-direction = 0) 

where the amplitude of oscillation is lowest.  This was done because the program and 
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DTM axis are not automatically synchronized.  The piston was then commanded to hold 

position and move to 0 just as in Section 8.3.3.  When the piston was settled at 0 the 

‘Cutting Tilted flat’ option was highlighted on the GUI (Figure 8-29) which initiated the 

tilted flat code.  Because the tilted flat cutting amplitude increases linearly from the 

center of the part to the outside, the motion should look like Figure 8-31 when the tool is 

at a part radius of 12.7 mm. 
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Figure 8-31.  Tilted flat motion amplitude grows linearly as tool moves from inside of part to outside. 
 
However, as soon as the X-slide on the DTM was moved from its initial starting position 

at the center of the part towards the outside of the part, a chattering noise was heard.  

Also, the piston was not oscillating smoothly back and forth.  Instead, the piston was 

moving back and forth with an added small jerking motion.  Data was taken during this 

test and can be seen in Figure 8-32. 
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Figure 8-32.  Tilted flat experimental data showing jerking of the piston. 

 
Figure 8-32 confirms the suspicions that the piston is indeed jerking during operation.  

The interesting aspect of this disturbance is that it is only present when the X-slide of the 

DTM is translating.  Previous students in our center who required position data from the 

X-axis for machining had seen this before and had eliminated the effect by electronically 

isolating the actuator from the stage on the DTM.  Therefore, a sheet of plastic was 

placed between the base of the micro-height adjuster and the DTM stage.  Plastic washers 

were placed between the heads of the bolts which clamped the system to the DTM stage 

and the micro-height adjuster.  Electrical tape was wrapped around the exposed portion of 

the bolts as well.  This is shown in Figure 8-33. 

 



 156

 
 

Figure 8-33.  Electrical shielding between FLORA II micro-height adjuster and DTM stage. 
 
With the electrical shielding in place the tilted flat program was run once more and the 

results then looked as the plot in Figure 8-31. 

 
With the tilted flat program commanding the FLORA II system to operate at 20 Hz, 2 

mm amplitude, the tracking error was examined. 
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Figure 8-34.  Tracking error during 20 Hz, 2 mm amplitude tilted flat experiment. 

 
 
Figure 8-34 shows the tracking (following) error to be approximately 2.5 µm PV.  This 

error happens twice per revolution of the part which means it will not affect the surface 

finish if it is exactly the same each revolution.  A curve was then fit to the tracking error 

so that the sinusoidal twice per revolution error could be removed.  This left the error 

which would ultimately have an affect on the surface finish.  The error was 

approximately 150 nm PV at its maximum which is not ideal, buy determined to be 

adequate.  The controller system using the gains 

KP = 135, KI = 16,200, and KD = 0.225 

was determined to be suitable to begin machining experiments.   
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9 MACHINING EXPERIMENTS 
There were two types of cutting experiments performed by the FLORA II system.  The 

first experiment was to cut a flat in order to test the systems ability to hold position and 

the maximum surface finish which can be achieved.  The second test involved cutting a 

tilted flat that tests the ability of the fast tool servo to follow a commanded tool path and 

maintain surface quality.  A brass plug was used to machine the flat while acrylic was 

used for the tilted flat.   The test setup can be seen in Figure 9-1.  

 

 

Figure 9-1.  FLORA II mounted on ASG 2500 diamond turning machine. 
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9.1 Brass Flat 

The first cutting experiment performed by the FLORA II was to cut a flat on a brass plug.  

Brass is known to be easily machinable with potential for quality surface finishes.  The 

plug used has a diameter of 12.9 mm and was mounted in a sample holder as shown in 

Figure 9-2.   

 
 

Figure 9-2.  Brass plug mounted in holder and attached to ASG 2500 vacuum chuck. 
 
 
Because the brass surface is not initially parallel to the vacuum chuck, the part first 

needed to be ‘faced off.’  This meant the tool must make enough passes on the uneven 

part so that enough material is removed to create a flat, parallel surface.   The diamond 

tool used to cut the flat had a radius of 2.3 mm and the spindle speed was 500 rpm.  The 

brass surface was faced off using a 10 µm depth of cut with a feed rate of 10 mm/min.  

Once the brass surface was determined to be flat a final cut was made.  Since this final 

cut determines the surface finish a slower feed rate was used.  It was desired to have a 
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peak-to-valley (PV) surface finish of 1 nm RMS so the following equation was used to 

calculate the feed rate. 

2

26.6
fRMS

R
=                                                                      (9-1) 

In Equation 9-1 RMS is the root mean square surface finish, f is the feed rate and R is the 

radius of the tool.  To create PV of 1 nm using a tool with R of 2.3 mm and a spindle 

speed of 500 rpm, f can be solved for in Equation 9-1 to be 4 mm/min.  Using this feed 

rate a final pass was made and the surface was measured using a Zygo Scanning White 

Light Interferometer (SWLI) for surface finish and a Zygo GPI XP for figure error.  The 

results are shown in Figure 9-3. 
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Figure 9-3.  Zygo New View Scanning White Light Interferometer (SWLI) (top) and Zygo GPI XP 
(bottom) measurement of brass flat cut with FLORA II using 2.3 mm tool, 4 mm/min feed rate and 500 rpm 

spindle speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 162

Data was also taken during the flat cutting procedure as shown in Figure 9-4. 
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Figure 9-4.  Position holding and frequency spectrum of FLORA II during cut of brass flat with 2.3 mm 
tool, 4 mm/min feed rate and 500 rpm spindle speed. 

 
Figure 9-4 shows the error amplitude at approximately 4 nm with the frequency spectrum 

magnitude below 1 nm.  The error is slightly higher than the position holding data shown 

in Figure 8-30 which can be attributed to machining forces.  This is the reason why a 

surface finish of 2 nm RMS and a figure error of 200 nm PV were achieved. 

 

9.2   Acrylic Tilted Flat  

The final cut performed with the FLORA II was an acrylic tilted flat.  Acrylic was chosen 

as the material because it is soft which gives an added protection from breaking the 

diamond tool on the first cut.   The geometry of a tilted flat has been explained in Section 

1.1 and the total sag of the desired acrylic tilted flat was 4 mm.  This would require tool 

motion amplitude of 2 mm.  The tilted flat required that the tool with a tip radius equal to 

1.5 mm must first be centered both vertically (Y-direction) and horizontally (X-direction) 
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unlike the brass flat which did not require any accurate centering (refer back to Figure 

1-1 for DTM coordinates).  In order to center the tool accurately a rough centering 

procedure was performed followed by a fine centering procedure.  After the tool was 

centered a tilted flat was then machined and measured.      

 

9.2.1 Rough Centering 

In order to center the tool roughly (within 20 µm vertically and horizontally) the two 

circle method developed by PEC staff member Alex Sohn was used.  This method 

involved cutting two circles on a flat and measuring the error in their alignment relative 

to each other.  First, the same brass flat was faced off to achieve a flat surface.  The tool 

was then moved 500 µm away from the center in the X-direction.  A ring was then cut in 

the part by touching off at this point.  Next, the tool was moved another 250 µm away 

from center in the X-direction and another ring was cut.  A microscope image of the two 

circles on the brass flat can be seen in Figure 9-5. 

 

 
 

Figure 9-5.  Microscope image of two circles machined on brass flat by FLORA II. 
 
In order to center in the Y-direction the feature in the center of the part was measured in 

the Zygo New View SWLI.  If the center feature is a cone then it is known that the tool 

was too high.  If the center feature is a cylinder, then the tool was too low.  The 
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adjustment is then made by halving the diameter of the base of the cone or cylinder and 

moving in the direction needed.  A depiction of these geometries is shown in Figure 9-6.  

 

 
 

Figure 9-6.  Vertical centering error center features.  Tool too low producing cylinder on left, tool too high 
producing cone on right. 

 
This method can produce a highly accurate tool centering in the Y-direction.  To get the 

rough centering value for the X-direction, the inside and outside of each groove is 

recorded using the Zygo New View SWLI through the centerline of the part and a radius 

for each circle is computed.  This can be seen in Figure 9-7. 

 

 
 

Figure 9-7.  Rough centering circle measurement points. 
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Using the eight points shown in Figure 9-7 an average radius, R1 and R2, can be measured 

for both circles.  The distance between the circles, dx, is also known so the error in the X-

direction, ex, and Y-direction, ey, can be computed using the following equations.  
2 2 2

1 x yR e e= +                                                                (9-2) 

( )22 2
2 x yR e dx e= + +                                                     (9-3) 

Solving for ex using Equations 10-2 and 10-3 yields the following expression 
2 2 2

2 1

2x
R R dxe

dx
− −

=                                                        (9-4) 

Then using Equation 10-4, ey can be expressed as  

2 2
1y xe R e= − .                                                            (9-5) 

These offsets were then accounted for in the DTM for the X-direction and the micro-

height adjuster for the Y-direction. 

 

9.2.2 Fine Centering 

As stated earlier, after rough centering, the tool was centered within 1 µm in the Y-

direction 20 µm in the X-direction.  Fine centering would also locate the tool within 1 µm 

of center in the X-direction.  This was done by machining a sphere and measuring the 

ogive error [19].  Ogive error refers to the Gothic arch shape that is produced from tool 

centering error in the X-direction when machining a sphere.  An illustration of this shape 

can be seen in Figure 9-8. 

 
 

Figure 9-8.  Ogive error produced by error in X-direction alignment of center. 
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A center plug was machined to have an 80 mm radius spherical surface.  Once this 

surface was machined, it was measured in the Zygo GPI XP laser interferometer.  The 

Zygo GPI XP has a built in program for calculating the ogive error (details for calculation 

can be found in Gerchman’s paper [19]).  This method was performed four times before 

the measured ogive error was acceptable.  Figure 9-9 shows the measurement of the last 

spherical cut. 

 

 
 
Figure 9-9.  Zygo GPI XP measurement of last spherical cut with FLORA II using a 1.5 mm radius tool, 4 

mm/min feed rate, and 500 rpm spindle speed. 
 
 
It can be seen from Figure 9-9 that the last sphere machined was within 0.11 µm of center 

(Tool Offset) and also had a ¼ wave form error.  This was sufficient centering for cutting 
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a tilted flat. The spherical surface was machined by having the piston hold position and 

the X and Z slides on the DTM move in the circular path. 

 

9.2.3 Machining a Tilted Flat 

With the tool centered to within 1 µm in X and Y directions a tilted flat could be 

machined from acrylic.  The original part before being diamond turned had been 

nominally cut to have a 4 mm sag to prevent an extended cutting time.  Before the actual 

machining process could take place the tilted flat was mounted on the vacuum chuck and 

centered to within 2 µm.  An image of the FLORA II mounted on the DTM with the tilted 

flat is shown in Figure 9-10. 

 

 
 

Figure 9-10.  FLORA II mounted on DTM with acrylic tilted flat. 

 
The plastic covering the FLORA II in Figure 9-10 prevents cutting fluids from entering 

the air bearings.  Before any type of alignment was performed for the actual cutting 
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procedure it was concluded that practice runs off of the part would show how the tool 

could follow the command.  The tool path for the tilted flat can be seen in Figure 9-11.  

 

 
Figure 9-11.  Tool path (coordinates in millimeters) for cutting tilted flat with 2” diameter. 

 
Figure 9-11 shows the tool path, in millimeters, for cutting a tilted flat with a 2” diameter.  

The starting position is 2 mm off the edge of the part and 5 mm back, (27.4, 5).  The 

program could not be initiated from this position because the maximum amplitude of the 

tool is at the outside of the part.  If the program were initiated at the maximum amplitude, 

a large impulse motion would occur causing the system to go unstable.  Therefore the 

piston initially holding position at zero on the encoder was moved to the X-center of the 

part where the amplitude of the tool is smallest.  The tilted flat program is initiated and 

then the tool can be moved to the tool path starting position.  This procedure only needs 

to take place when the program is not initiated. 

   
The first practice runs were executed at 10 Hz and 15 mm away from the surface of the 

part.  After 3 successful passes through the tool path the frequency was increased to 20 

Hz.  As the tool moved from center (smallest amplitude) to the outside of the part (largest 

amplitude) a chattering type of noise was heard which was similar to the sound made 

before shielding the micro-height adjuster.  As the piston neared the maximum amplitude 

it would shoot forward into the limit switch which caused the amplifiers to be disabled 

releasing control of the piston.  Having the piston float in the housing with no control and 

the spindle still turning would most likely result in a broken tool in an actual cutting 
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procedure.  This same phenomenon was observed numerous times with the piston always 

hitting the limit switches.  During one of the 20 Hz practice runs data was taken on the 

commanded tool path and the actual position of the piston.  This is shown in Figure 9-12. 

 

 
 

Figure 9-12.  Command and actual position of piston during 20 Hz tilted flat practice cut. 
 
The general shape of motion in Figure 9-12 looks correct.  Only one line can be seen 

because the tool follows the command very closely at this scale.  As the tool moved to the 

outside of the part the amplitude of motion increased linearly.  However, the sections 

circled contain some anomalies that are magnified in Figure 9-13. 
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Figure 9-13.  Magnification of section 1 from Figure 9-12 (left) and section 2 (right). 
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Figure 9-13 shows that when section 1 of Figure 9-12 is magnified a change in amplitude 

off only one peak is observed.  Section 2 shows that one wave has a much smaller period 

than waves surrounding it.  These sudden changes in command cause the piston to chatter 

when it tries to keep up.  Eventually, at the outside of the part, the amplitude is large 

enough that these sudden changes cause the system to go unstable.  Although it is not 

entirely clear what causes the command to change so quickly, it is thought that operating 

at this frequency causes added noise that has the same effect on the system as before 

when no shielding was present between the DTM stage and micro-height adjuster.  The 

system was again run at 10 Hz off the part and the same type of data was taken to see if 

the same effect in 20 Hz operation was present.  There were no abnormalities in 10 Hz 

operation as shown in Figure 9-14. 

 
 

Figure 9-14.  Command and actual position of piston during 10 Hz tilted flat practice cut. 
 
It was concluded that the tilted flat be cut at 10 Hz instead of 20 Hz to ensure consistent 

quality of the commanded tool path.   

 
After the cutting operation had been tested successfully a procedure was written that 

would outline step by step what needed to be done for the actual tilted flat cut.  The high 
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spot on the tilted flat was first synchronized with the maximum retraction of the tool.  

This ensured that the surface of the tilted flat and the diamond tool were moving in 

unison.  The Federal LVDT gage was used to find the high spot on the surface.  The 

measurement tip of the gage was first adjusted to the height of the center of the spindle 

using the height gage.  Next, the Federal gage was placed on the DTM stage with 

measurement tip near the outside edge of the part.  The spindle was turned until the angle 

with the highest rotation was found.  The angular measurement in the tilted flat program 

was then offset to equal zero.  With the angular measurement synchronized the tool was 

moved to the center of the part and the X-slide position in the program was offset to read 

zero.  It was imperative that the DTM reading of the X-position and machining program 

reading of the X-position were exactly the same.  The tool was then held at zero and 

moved to the outside of part.  The spindle was initialized to run at 60 rpm and the tool 

touched off on the surface and the Z-coordinate was set to zero.  Since the tool was held 

at zero and touched off on the high spot of the part, it was known that once the tool was 

oscillating with the part it had to move in 2 mm before it began machining.  If the tool did 

not move in 2 mm it would oscillate off the part.  This is illustrated in Figure 9-15. 

 

 
Figure 9-15.  Touching off on tilted flat while holding position on left, tilted flat cut engaged in program 

and tool moved in 2 mm on left. 
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The tool was then moved to the center and spindle stopped.  At this point the tilted flat 

program was engaged and spindle was run at 60 rpm again.   The tool was moved back to 

the place initially touched off and very slowly the tool was moved in the 2 mm discussed 

earlier until a chip was seen.  This was then set as the new zero location in the Z-direction 

and the spindle speed was increased to 600 rpm (20 Hz).  The cutting program was then 

executed.  A check off list of this procedure is shown in APPENDIX M – Tilted Flat 

Cutting Checklist. 

 

The actual cutting procedure involved four rough cuts.  The first cut was at 20 µm depth 

of cut (DOC) while the remaining three were at 40 µm.  A feed rate of 20 mm/min was 

used during rough cutting while 4 mm/min (6.7 µm/rev for 600 rpm spindle speed) was 

used on the single finish pass.  The DOC of the finish pass was 5 µm.  Images of the 

surface at different locations were then examined to check the surface finish as well as 

characterize and trends in error.  A key for showing the location of the measurements is 

shown in Figure 9-16. 

 
 

Figure 9-16.  Locations and RMS surface finish values measurements on tilted flat. 
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Figure 9-16 shows the labels for measurement areas where ‘high’ and ‘low’ designate the 

high and low spots on the tilted flat.  These are also the locations where acceleration was 

the highest and velocity was zero.  The location ‘neutral’ means the height in-between 

‘high’ and ‘low’ and is where velocity is a maximum and acceleration is zero.  After 

examining the measurements at different locations some patterns emerged that could be 

used to characterize and correct the error in the future.  First of all, along the axis from 

the radius high to radius low the surface finish was improved towards the inside of the 

part.  This means that the mid-radius low and mid-radius high had better surface finishes 

than at radius low and radius high.  This can be seen in Figure 9-17 where radius low is 

compared to mid-radius low.  The larger radius is where the tool is oscillating at the 

larger amplitude and since this is the location of maximum acceleration, it is also where 

the motor exerts the largest amount of force on the piston.  The larger force of the piston 

could be causing it to overshoot more at this location than at the mid-radius where the 

amplitude of oscillation is half.  The tool overshooting means it will cut deeper into the 

part causing a larger surface finish. 
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Figure 9-17.  Radius low (top) compared to mid-radius low (bottom) surface finish. 

 

While the trend along the radius high to radius low has been that the surface finish 

improves towards the center of the part, the opposite is true along the neutral radius line.  

The surface finish diminishes the closer the tool is to the center of the part.  This can be 

seen in Figure 9-18.  Along the neutral line is the point where acceleration is zero and 

velocity is at its greatest.  This could be a cause for the reversal of effects.    
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Figure 9-18.  Radius neutral (top) compared to mid-radius neutral (bottom) surface finish. 

 

Another interesting attribute of the surface finish measurements were the grooves in the 

cutting direction.  Normally the grooves left are from the radius of the tool and are the 

width of the feed rate (6.7 µm/rev) and the depth is dependent on the radius of the tool.  

Since the feed rate of the finish pass was 6.7 µm/rev, the width of the grooves should be 

roughly 6.7 µm.  Upon examination of these grooves it was seen that they were in fact 

about twice this value in width.  The surface profile for the mid-radius high and mid-

radius low measurements can be seen in Figure 9-19. 
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Figure 9-19.  Surface profile of mid-radius low (left) and mid-radius high (right) surface measurements. 
 

There is a very distinctive groove in the part which leads to the belief that they are cause 

by the feed rate of part.  The radius of the diamond tool was unknown so it was measured 

in a microscope.  Perhaps the measurement was wrong or the radius was calculated 

incorrectly.  This would be a significant problem because the tilted flat program uses tool 

radius compensation.  Because the part has a slope the point of contact between the part 

and the tool will always be moving.  Therefore a compensation algorithm was added to 

account for this.  If a different radius tool is used to cut than is specified in the code than 

the surface quality will deteriorate.  Whatever the cause of the problem is it seems to be 

repeatable meaning it should be able to be corrected.   

 

The Zygo GPI XP measurement shown in Figure 9-20 shows a large peak to valley (PV) 

form error of 1.829 µm which again is off target from the goal of the project but was 

expected from the observed tracking error.  It can be seen that there are two high spots 

and two low spots on the surface of the tilted flat after the slope has been removed from 

the surface.  From the Zygo New View SWLI recall that the surface finish decreased at 

the outer edge of the part from radius high to radius low while the surface finish 

improved at the outer edge along the neutral line.   
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Figure 9-20.  Zygo GPI XP measurement of tilted flat cut with FLORA II using a 1.5 mm radius tool, 4 

mm/min feed rate, 600 rpm spindle speed and 5 µm DOC. 

 
 

 
 

Figure 9-21.  Image of 50 mm diameter acrylic tilted flat with a 4 mm sag machined with FLORA II at 10 
Hz. 
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It can be seen from Figure 9-17, Figure 9-18 and Figure 9-20 that the tilted flat had more 

error than desired so in order to understand where the error originated data which was 

recorded during the machining process was examined. 

3667 3668 3669 3670 3671 3672 3673 3674 3675 3676 3677
-2

-1

0

1

2

Time (s)

Er
ro

r (
μm

)

0 1 2 3 4 5 6
-2

-1

0

1

2

Angle (rad)

Er
ro

r (
μm

)

 

 

Tracking Error
Scaled Command

 
 

Figure 9-22.  Tracking error measured during 10 Hz tilted flat machining experiment taken at 1.2 mm 

amplitude of oscillation. 

 

Figure 9-22 shows the tracking error between the commanded profile and the actual 

response.  The top plot of Figure 9-22 shows the amplitude of error having a maximum of 

1.3 µm which is steadily decreasing.  The bottom plot of Figure 9-22 shows the 

repeatable wave that occurs ever cycle of operation compared with the command signal 

whose amplitude has been scaled down for comparison.  The Zygo GPI XP measurement 

seen in Figure 9-20 shows that there are two high spots and two low spots on the surface 

of the part.  This can also be seen in Figure 9-23. 
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Figure 9-23.  Single revolution measurement of surface of tilted flat machined by FLORA II. 
 
 
The two highs and two lows seen in Figure 9-20 can be seen in Figure 9-23.  Figure 9-23 

shows a measurement of one revolution around the surface of the part, much like that the 

tool would make.  The error seen on the surface of the part should match the measured 

error seen in Figure 9-22 but this error only has one high spot and one low spot per 

revolution which is unusual.  Ideally, this error that occurs once per revolution should 

look like a sine wave.  Instead, the wave is narrower at its peak than its base.  Also, a 

secondary peak can be seen just below zero on the plot.  The bottom plot of Figure 9-22 

shows two cycles which explains why two lines can be seen near the low peak.  The 

difference is approximately 100 nm.  This will deteriorate the theoretical 4 nm surface 

finish when changing by 100 nm cycle to cycle.  It is apparent that a tracking error with 

this magnitude and irregular waveform will produce a part with large surface error.  The 

error could possibly be decreased by further tuning the PID control gains and the 

irregular waveform could be caused by an offset of the coil.  It is desired to have the coil 

in the center of its range when the encoder reads zero.  To do this an offset is applied in 

the control code.  If this is not exact than the force correction curve from Section 8.2 
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could be off using an incorrect force constant.  Regardless, the error seen in Figure 9-22 

must be dealt with to have an accurate FTS. 

A Talysurf Profilomiter was used to measure the surface roughness of the part through 

four lines at 45o intervals.  The results are shown in Figure 9-24. 

 
Figure 9-24.  Talysurf Profilometer surface roughness measurements across surface of tilted flat. 

 
The intersecting lines on Figure 9-24 represent the measurement paths of the Talysurf.  It 

was seen that one half of the surface had a significantly higher surface roughness than the 

other.  An example of one of these measurements is shown in Figure 9-25 where the 

surface roughness is below 0.5 µm on the good side (low spot on part) and 2 µm on the 

rough side (high spot on part).  This was characteristic of all measurements. 
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The half with the poor surface finish was the portion of the surface was the tool was 

moving into the part.  The best surface finish was observed where the tool was moving 

away from the part.  This implies that the tool is behaving differently when moving out 

than when moving in.  There is no expected explanation for this behavior and must have 

to do with a mechanical influence.    
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10 CONCLUSIONS AND FUTURE WORK 
The Fast Long Range Actuator, FLORA II, was designed and constructed to facilitate the 

desire to machine non-rotationally symmetric surfaces at high speed with an optical 

quality surface finish.  The following steps highlight the research of completed tasks for 

this project. 

• A switch from orifice type air bearings to porous carbon air bearings was justified 

by their known superiority in air pressure distribution as well as quite operation.  

Equivalent stiffness values were derived so the air bearings could be modeled 

using ANSYS FEA software.  The model was tested by comparing simulations to 

experimental results obtained with an air bushing.  The conclusions were that 

porous carbon air bearings produced less vibration and that the equivalent 

stiffness model was a good approximation in FEA software. 

 

• The piston which is supported by the air bearings was chosen based on a series of 

simulations.  Various cross sections were evaluated through end-load, modal and 

compressive pressure simulations in ANSYS.  The cross sections were also 

assessed based on their ability to facilitate assembly requirements.  A triangular 

cross section performed best overall and the shape was optimized even further.  

Stiffness and modal tests were performed on the actual model and it was 

determined that the values differed slightly from the FEA predictions.  This could 

be because the assembly process was not perfect to the model or because the air 

bearings implemented were off a new line of flat bearings and the specifications 

used to model the air bearings were off the original flat air bearings.  However, 

the model proved to be a good approximation.  

 

• The housing for FLORA II was designed significantly smaller (63% less front 

area) and lighter (75%) than that of FLORA I.  Pressurized air is delivered to the 

air bearings by a system of small tubes and fittings.  Counter balances where 

added internally in the housing to save space and cancel vibrations induced by the 
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main piston’s oscillations although they were not used in the machining 

experiments. 

• BEI Kimco voice coil motors (VCMs) were chosen to actuate the main piston as 

well as the counter balances.  The two phase characteristics of the VCMs were 

advantageous when compared to the linear three phase brush motor implemented 

in FLORA I.  Two Trust Automation linear amplifiers were chosen to power the 

VCMs because of their low noise characteristics.  Position feed back was 

provided by a Sony LASERSCALE encoder read head and glass scale. 

 

• The program used to control FLORA I was also used for FLORA II with 

modifications for the two phase motor and amplifiers.  In order to design the 

controller the open loop system was identified using a sine sweep procedure.  The 

PID gains of the controller were then determined using David Trumper’s notes 

[18].  Closed loop experiments were then run with various gains to determine 

which set had the most attractive performance. 

 

• Machining experiments were then run once appropriate control gains had been 

determined.  The first experiment was to machine a brass flat by holding the 

piston in place using the controller.  A surface finish of 2 nm RMS was observed 

on the brass flat.  After an extensive tool centering procedure a tilted flat with 

total sag of 4 mm was machined at 10 Hz on a 1 inch radius acrylic part.  The 

surface finish for the tilted flat was 31 nm RMS which was not the desired value 

of 5 nm RMS, but expected because of the tracking error seen in the tilted flat 

experiments.   

 

The following is pertinent data and specifications on the FLORA II fast tool servo. 
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Table 10-1.  Comparison between FLORA I and FLORA II system specifications. 
 

FLORA I FLORA II
Total mass (lbs) 80 15
Piston mass (kg) 0.65 0.36
End-load stiffness (N/μm) 52.5 8.18 (2.3 predicted)
First Natural Frequency (Hz) 1000 2700 (3000 predicted)
Housing height (mm) 130 90
Housing width (mm) 205 110
Housing length (mm) 305 208  

 

The following future work can be carried out to achieve a system that is capable of 

operating with the desired performance. 

 

• The future work which will most likely have the greatest impact on the FLORA 

II’s machining performance is more time spent on tuning the controller gains.  

Because of time limitations the PID gains were chosen in a couple of weeks while 

machining code and processes were being determined simultaneously.  With more 

time devoted solely to tuning the gains the surface finish and form error should 

increase dramatically. 

 

• Unexpected behavior was observed in some of the command tracking data which 

could be linked to some kind of mechanical influence from the structure.  A 

simple test would be to attach an aluminum bracket to the rear motor mount to 

stiffen the structure.  Run the command tracking experiments again to see if this 

made any influence which it most likely will since the back of the housing is 

cantilevered off the micro-height adjuster. 

 

• Develop an experiment to characterize the motion of the tool moving into the part 

as well as out of the part to try to explain the Talysurf measurements.   
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• After the command tracking data has been reduced from the previous two tasks 

the experiments should be run using the counter balances to see if they are 

effective or not. 

 

• Investigate why the DTM and FLORA II were not able to operate at 20 Hz.  It is 

most likely electrical noise from the DTM that is amplified somehow at 20 Hz 

since the phenomenon was not observed at 10 Hz.  Also, check to see if in fact 

there was no noise at 10 Hz 
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APPENDIX A – Specifications for Experimental Air Bushing 
 
The information, graphs, and figures shown in this appendix were all found at 

www.newwayairbearings.com/Air-Bushings-Metric-25mm-ID as of 01/06/2009.  The 

general properties are shown in Figure A-0-1. 

 
Figure A-0-1.  General specifications for the 25 mm diameter New Way air bushing [11]. 

 
The load vs. lift curve for the 25 mm bearing is seen in Figure A-0-2.  
 

 
 

Figure A-0-2.  Load vs. lift curves for 25 mm diameter New Way air bushing [11]. 



 190

 
Finally, the dimensions of the air bushing used in the experiments can be seen in Figure 

A-0-3. 

 
Figure A-0-3.  Dimensions of the 25 mm diameter New Way air bushing [11]. 
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APPENDIX B – Stiffness Formulas used in Length Study 
 
The formula used was found on page 217 of Roark’s Formulas for Stress and Strain, 7th 

Edition.  The free-free case was used with the following formulas below. 
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APPENDIX C – Equivalent Radial Stiffness for Flat Air Bearing 
 
The load lift curve from New Way Air Bearings website used to calculate the equivalent 

radial stiffness for a flat air bearing can be seen in Figure A-0-4. 

 

 
 

Figure A-0-4.  Load-lift curve for a 40 x 50 mm flat air bearing [11]. 
 
Taking the slope in the shaded recommended operating range yields 

m
N

m
Nk NW

r

μμ
71036.7

36.1
100

×== . 

Using Equation 3-3 gives the equivalent stiffness as  
 

( ) 3
10

7

1068.3
5040

1036.7

m
N

mmmm
m

N

A
kk

S

NW
r

A
r ×=

×

×
== μ . 



 193

APPENDIX D – Specifications for Counter Balance Air Bushing 
 
The information, graphs, and figures shown in this appendix were all found at 

www.newwayairbearings.com/Air-Bushings-Metric-25mm-ID as of 01/21/2009.  The 

general properties are shown below. 

 

 
 

Figure A-0-5.  Specifications for 13 mm diameter air bushing [11]. 
 

 
 

Figure A-0-6.  Load-lift curves for 13 mm diameter bushing [11]. 
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Figure A-0-7.  Dimensioned drawing for 13 mm diameter bushing [11]. 
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APPENDIX E – MATLAB Code for Counter Balance Dynamics 
 
clear all 
close all 
  
%motion of LRS piston with linear motor drive 
  
m_p      =   0.3;   %mass of probe in kg 
m_cb     =   0.3; 
Vmax    =   1 ;                     %voltage to amp limit is 10 V 
Fmax    =   9.4748;                %motor constant to make V into amps 
into force N (9.4748 for FLORA II) 
w       =   20 ;                      %excitation freq in Hz 
k       =   122;                    %spring constant,N/m 
delt    =   0.00005;                 %time steps, sec 
limit   =   10001; 
time    =    zeros(limit,1); 
disp    =    zeros(limit,1); 
disp_desired  =  zeros(limit,1); 
error   =    zeros(limit,1); 
vel     =    zeros(limit,1); 
acc     =    zeros(limit,1); 
force   =    zeros(limit,1); 
  
%the force application can be a sine or cosine wave so need info on the 
position value back 
%one time step to find the velocity and acceleration at the peak so 
start calculation at i = 3 
  
disp(1)=0;  disp(2)=0; 
vel(1)=0;   vel(2)=0; 
acc(1)=0;   acc(2)=0; 
i=3; 
  
while i <= limit,     %calculates the motion of the piston with the 
applied force 
         
        %if i ==  2003 
             
            %w       =   2*w; 
             
            %Fmax    =   Fmax * 4; 
             
        %end 
  
        time(i) =   i*delt - 2*delt; 
                
        force(i)    =    Fmax * cos (2*pi*w*((time(i)+time(i-1))/2));  
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        disp(i)     =   (delt^2)*((force(i)-(2*k*disp(i-
1)))/m_cb)+2*disp(i-1)-disp(i-2); 
         
        %disp(i)     =   (force(i)/m*delt^2 + (2 + c*delt/m)*disp(i-1) 
- disp(i-2))/(1 + c * delt / m); 
         
        disp_desired(i) = - Fmax / (m_p * (2*pi*w)^2) * 
cos(2*pi*w*time(i)); 
         
        error(i)    =   disp_desired(i)-disp(i);  
         
        vel(i)      =   (disp(i)-disp(i-1))/delt; 
         
         accel(i) = (disp(i)-2*disp(i-1)+disp(i-2))/(delt^2); 
          
         cbforce(i) = accel(i)*m_cb; 
          
         force_error(i) = force(i)-cbforce(i); 
         
        i           =   i + 1; 
         
        
         
  
end 
     
%plot(time,disp*10000,'g',time,force,'b--',time,error*1000,'r:'); 
figure,plot(time,disp,'g',time,disp_desired,'r:'); 
figure,plot(time,force,'b',time,cbforce,'r:'); 
figure,plot(time,force_error,'b'); 
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APPENDIX F – Wiring Schematic for FLORA II 

 
Figure A-0-8.  Wiring schematic for FLORA II electronic components. 
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Figure A-0-9.  Color coding for wiring schematic for FLORA II electronic components. 
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APPENDIX G – Voice Coil Motor Selection Formulae 
 
The following method was found at www.moticont.com.  The exact webpage address is 

http://www.moticont.com/pdf/linear-dc-motor-force-calculation.pdf 
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APPENDIX H – Specifications for Piston Voice Coil Motor 
 
The following portion of the VCM spec sheet was taken from the BEI Kimco website, 

http://www.beikimco.com/actuators_linear.php.  The piston VCM is the LA12-17-000A. 

 

 
 

Figure A-0-10.  Specifications for main piston voice coil motor. 
 

 
Figure A-0-11.  Force constant curve for main piston voice coil motor. 
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APPENDIX I – Specifications for Counter Balance VCM 
 
The following portion of the VCM spec sheet was taken from the BEI Kimco website, 

http://www.beikimco.com/actuators_linear.php.  The piston VCM is the LA10-12-027A. 

 

 
 

Figure A-0-12.  Specifications for counter balance voice coil motors. 
 

 
Figure A-0-13.  Force constant curve for counter balance voice coil motors. 
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APPENDIX J – Trust Automation TA115 Amplifier 

Specifications and images from this appendix can be found at the following Trust 

Automation website http://trustautomation.com/cm/Standard_Products/Drives.html.  

 
 

Figure A-0-14.  Circuit diagram for TA115 linear amplifier. 
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Figure A-0-15.  Specifications for TA115 amplifier. 
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APPENDIX K – Sola Hevi-Duty Power Supply 
 
The following specifications came from the pamphlet supplied with the model 83-24-

260-3 OEM Linear Power Supply purchased.   

 
Figure A-0-16.  Specifications for Sola Hevi-Duty power supply from www.oksolar.com. 
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APPENDIX L – Controller Flow Charts 

 
 

Figure A-0-17.  Flow diagram for main program in which controller and interrupts reside. 
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Figure A-0-18.  Flow diagram for cntrlISR.c which chooses operation mode as well as controller type. 
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Figure A-0-19.  Flow diagram for Controller found in ctlfilt.c which is lead-lag controller. 
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Figure A-0-20.  Flow diagram for ctrlFilterCalc found in ctlfilt.c which is PID controller with feed 
forward. 
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APPENDIX M – Tilted Flat Cutting Checklist 
 

 High spot on tilted flat at 0o in program. 

 X position in program and on ASG the same. 

 Hold tool position at 0. 

 Touch off on outside of part (approx. 25.4mm) and set Z to 2mm. Location_____ 

 Stop spindle. 

 Move tool to center of part. 

 Initiate tilted flat mode in program. 

 Start spindle. 

 Move back to position initially touched off. 

 Set program where Z 10mm off part. 

 Execute couple of cycles of program for testing. 

 Move back to position initially touched off and set program back. 

 Move in 1.5mm in Z direction. 

 Move in steps of 0.1mm until cutting. 

 Set Z to zero. 

 Execute program 

o Rough Cuts – Feed = 20mm/min, DOC = 40µm 
o Finish Pass – Feed = 2.5mm/min, DOC = 5.0µm 
o Use mineral spirits during cutting. 

 
Shaded means for practice….not necessary for actual cutting. 
 


