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Abstract 

This paper provides a review of the development by Honeywell of a dual mode D-strut@ vibration isolator 
for long range communication instrument. This paper reviews the basic design requirements for the dual 
mode isolator, the D-strut’ isolator design drivers, the prototype D-strut’ isolator design, and the results of 
prototype D-strut’ isolator testing. 

Introduction 

Honeywell is developing a dual mode D-strut@ vibration isolator to isolate the sensitive instrument from 
the spacecraft bus during launch vibration and during in-flight operation (spacecraft bus vibration 
distubances). This paper will describe the design challenges that led to a new isolator design meeting the 
stringent requirements of this sensitive instrument, and the issues that were identified as a result of 
testing a set of prototypes of the new design. 

Two isolator design options were considered for this application. The first option was to launch lock mount 
the instrument to the spacecraft and design the instrument to survive the launch loads, and then release 
the instrument once in flight allowing the isolator to isolate the instrument from the spacecraft bus 
disturbances. The second (dual mode) option uses the same isolators to isolate the instrument from the 
launch environment and the spacecraft bus disturbances. In both cases, the isolators are configured in an 
optimized hexapod configuration (also know as a “Stewart Platform”) to provide the desired isolation. The 
dual mode isolator configuration was chosen to minimize the loads into the instrument due to launch and 
still provide the required in flight isolation due to the spacecraft bus disturbances. 

There are several requirements that define the new isolator design. The requirements for the D-strut@ 
isolator are that the weight of the isolated system is 48.1 kg (106 Ib) maximum; the quasi-static 
acceleration is 16.25 g’s maximum during launch. The vibration requirement means that the peak axial 
load into each D-strut@ isolator is approximately a factor of over 2.0 times the previous dual mode design. 
The higher loads also required that the stroke in each isolator increase by almost a factor of 1.6. These 
increased loads and strokes needed to be accommodated without changing the length of the isolator. 

The D-strut@ isolators are three parameter isolation systems. The parameters defined for the three 
parameter isolators are static stiffness (Ka), dynamic stiffness (Ka + Kb), and damping factor (Ca). These 
are the parameters Honeywell uses to size the main machined spring, the tuning spring, and the damper 
annulus gap filled with the proper damping fluid. 

Honeywell has submitted a patent application for a new isolator design that meets the load and stroke 
requirements needed to support the instrument. In the new isolator design, the sealing bellows in the 
damper assembly are externally pressurized instead of internally pressurized. The new configuration 
allows for a significant increase in the load capacity and stroke of the isolator without increasing the 
overall length of the isolator. To demonstrate that the new isolator design would meet the requirements, 
Honeywell built two complete isolator assemblies to measure the isolafor parameters and fabricated the 
fixtures needed to test the isolators in a bipod configuration up to the maximum quasi-static accelerations. 
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To characterize a bipod of the new Isolator configuration, we performed a series of sine vibration tests 
with a 18.1-kg (40-lb) mass attached at 0.25 g, 2.5 g’s, 7.5 g’, 12 g’s, and 16.25 g’s from 5 Hz to 1 kHz; 
we performed a random vibration test from 10 Hz to 2000 Hz at a level of 9.1 Grms the results of which 
will not be discussed here be cause of the similarity to the sine test results; we also performed a 900 G- 
SRS Shock Beam test with a 18.1-kg (40-lb) payload mass and a 31.8-kg (70-lb) payload mass. These 
tests characterized the isolator and showed how the “Q” (amplification factor) at the isolator resonant 
frequency compared at the different input “g” levels. The testing also found that the lateral mode of the 
isolator was very well damped and that there was an undamped machined spring surge mode at 61 5 Hz. 
All the testing was performed in the Honeywell Vibration Lab. 

This paper will describe the development of the new isolator D-strut@ for the Laser Communication 
Terminal and the testing performed on the development bipod. 

Design Requirements and Analysis 

The design requirements for the D-strut@ are not finalized at this stage of the program. However, there are 
some preliminary design requirements that are design drivers for the sizing of the D-strut@ isolator for the 
instrument. The original desire was to use an existing D-strut@ isolator’ design that Honeywell had 
qualified for launch and on-orbit isolation for another application. See Reference 1 for detailed description 
of the existing qualified D-strut@ isolator design. The original qualified system had been developed for a 
smaller payload, lower environmental loads, and the system isolation requirements were less stringent. A 
comparison of the requirements for the previous system and the new system is shown in Table 1. The 
impact of these design requirements differences and how they affect the design will be discussed in the 
following paragraphs. 

Table 1. Design Requirements Comparison 

ImDact of Requirements on the new D-Strut@ Isolator Desian 
The peak damping force requirement was one of the limiting factors in the previous D-strut@ isolator 
design. The existing design would have to be redesigned to meet the new design requirements. The new 
design is a through shaft system with externally pressurized sealing bellows. By externally pressurizing 
the sealing bellows, there is no squirm pressure limitation. The externally pressurized bellows design is 
stable, Le., increasing the pressure does not cause the bellows to try to move to one side since the fluid is 
always pushing in. The limitation of the externally pressurized bellows is the strength of the bellows 
materials resisting the pressure and external loads. Because of this difference in the design, the new 
design capabilities exceed 87.02 kPa (600 psi) which is a factor of 2 over the previous qualified isolator 
design. 

Another limiting factor in the existing qualified D-strut@ isolator design is that the dynamic stroke of k5.1 
mm (0.20 inch) will not meet the new requirement of k 8.13 mm (k 0.32 in). The new D-strut@ isolator 
design contains externally pressurized bellows and does not have the limiting pressure issue; therefore, 
the bellows stroke capabilities can be increased by adding more convolutes and increasing the bellows 
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length. The stroke capability of the new D-strut@ isolator damper assembly is in excess of * 8.13 mm 
(* 0.32 in), as required. The original D-Strum Isolator is shown in Figure 1 and the new patent pending D- 
Strut@ Isolator is shown in Figure 2. It needs to be noted that the mounted lengths for both of the isolators 
are the same, 21.03 cm (8.28 inches). 

c 1. Original D-Stru 
The original D-Strut@ lsoktor shown above was used in a previous program to provide launch and on orbit 

isolation for an instrument which has already flown. The environmental loads for a new payload 
instrument exceed the capabilities of the existing D-Strut@ isolator. 

2 -  
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FigL. - _. . _ _  _ _  - __. ___ .__.___. . _. _____. .._. 
The new D-Strut0 Isolator shown will be used to provide launch and on orbit isolation for the Laser 
Communication Terminal Experiment which is under development. The launch loads for the Laser 

Communication Terminal required the design changes. There is a patent pending on this new design. 

Desiqn Analvsis 
The loads from the derived requirements in Table 1 were used to determine the stresses in the 
components that make up the new D-strut@ isolator. The analysis of the sealing bellows and 
compensation bellows was performed by the bellows supplier using proprietary methods. The flexure, KB 
spring, and main spring analyses were performed using finite element analysis modeling methods with 
l-DEAS@ application software. There was a requirement that the factors of safety be 1.1 to the material 
yield limit and 1.25 to the material ultimate limit. We calculated the loads, predicted the stresses, and 
calculated the factors of safeties for all the critical structural parts in the new D-Strut@ Isolator. The limiting 
part in the new D-Strut@ Isolator, from this set of analysis that needs further evaluation is the KB spring 
with a minimum factor of safety to the yield strength is 1.14 and the minimum factor of safety to the 
ultimate strength is 1.22. Once detailed requirements are defined, the loads in the parts will be further 
analyzed. 

Isolator Bipod Test 

The new D-strut' isolator bipod testing was performed in August, 2005 with the isolators mounted to an 
18.1 -kg (40-lb) mass. This configuration proved that the isolators were capable of meeting the extreme 
load case defined for the launch quasi-static environment of 16.25 g's. The testing was performed up to 
2000 Hz. The configuration is shown in Figure 3. The suspended mass was 18.1 kg (40 Ib) so that the 
bipod first mode would align with the predicted system hexapod bounce mode of approximately 40 Hz. 
We reconfigured the shock test setup to test with a Shock Beam methods using both the original 31.8-kg 
(70-lb) mass and the new 18.1 -kg (40-lb) mass. We attached the bipod (with the masses suspended) to a 
shock beam and provided the shock levels by impacting the beam with a weight on a pendulum. The 
shock beam test setup is shown in Figure 4. 
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18.1-kg (40-lb) pay- 
load mass shown - 

Figure 3. Bipod Vibration Configuration 
Electro-Dynamic shaker Input is at Bipod 
Base on the left with the payload mass 
placed in-line to the input. This configuration 
minimized the suspended mass modes in 
the measured response. 

Figure 4. Shock Beam Test Fixture Set-up. 
This set-up was used to provide a shock to the 
base of the Bipod using the impact mass 
suspended on the chain. The impact mass is 
allowed to swing and impact the shock beam to 
produce the shock required at the bipod base on 
the far end of the shock beam. 

Shock Beam Test 
When performing the shock beam test, we used an 18.1 -kg (40-lb) mass and a 31.8-kg (70-lb) mass. The 
test setup is shown in Figure 4. Figure 4 shows the actual setup of the shock beam. There was an array 
of accelerometers placed on the new D-strum isolator bipod and fixtures to measure the shock input and 
the response of the isolators and payload mass. Only the in-axis input and in-axis response of the 
payload mass will be discussed in this paper. The set up was the same for both of the masses. The test 
results for each of the payload masses were much the same; therefore, only the results from the 18.1 -kg 
(40-lb) payload mass test will be presented. 

The locations of the accelerometers were selected to provide information on the isolator spring body axial 
surge modes, isolator spring body lateral modes, and the mass response. The locations of the 
accelerometers are shown in Figures 5. In order to ensure that the shock input to and response of the 
payload mass were captured, we used shock accelerometers at the channel 1 location, and the channel 8 
location. 

Base input 

Figure a. anocK deam Test Accelerometer Lucations 
From this view, five of the accelerometers can be clearly seen. The accelerometers of interest which 
indicate how each of the isolator body modes affect the payload mass are channel 1 and channel 8. 
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The SRS's of the shock pulses are shown in Figure 6 and the time histories of the pulses are shown in 
Figure 7. 

The response of the payload mass was measured with accelerometers at the locations shown in Figure5. 
The peak response of the mass was measured at the channel 8 (in axis) accelerometer location. The 
peak response from the shock pulse was peak input value of 805 g's and a peak response of the payload 
mass was 21.2 g's. This was a reduction of 31 dB. The amount of isolation due to base shock input can 
be seen by viewing the base input time history on the same plot as the mass response as plotted in 
Figure 7. 

The SRS of the 18.1-kg (40-lb) mass to both of the shock pulses is shown in Figure 6. The SRS of the 
response reflects the fact that, in the higher frequencies, the first input shock pulse is higher and this is 
reflected in the response of the mass. One noticeable artifact of the mass response in Figure 6 is that 
there is a peak between 560 Hz and 630 Hz even though the break frequency of both pulses is around 
800 Hz. The 630 Hz peak is very close to known surge frequency of the isolator main springs. The sine 
vibration data only goes to 2 kHz; therefore, the correspondence to the peaks in the SRS data can only 
be tracked to 2 kHz. 

Conclusions about the Shock Beam Test Results 
The following conclusions can be made about the test results. 

0 

The shock beam test was able to achieve the input levels required by the potential isolation 
system. 
The isolators in the bipod configuration were able to decrease mass responses relative to the 
maximum input by 30 dB or more. These Isolators eat shock! 
The isolator surge modes do contribute to the response of the payload mass due to the base 
shock input; but, the contribution is not as great as previous testing indicated. 

10 

-Reference - - -LowerLimit - - -Upperliml - 
-Beam Shock Input (g), Control Chn 1,4W. P1 -Beam Shock Input (g). Control Chn 1,4oW. Pa -Beam Shock Response. (9). Chn 8.40#. Pi - Beam Shock Response. (a). Chn 8.40% P2 

Figure 6. Bipod 18.1-kg (40-lb) Mass response SRS, both Pulses 
The isolated calculated SRS of the payload mass is significantly lower than the input SRS. The spring 

surge mode at around 620 Hz can be observed in the above plot. 
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Dstrutm Bi-Pod Shock Beam Test, Both Pulses, 40 Ib Mass, 
Base Input compared with Mass Response, Time History 
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Figure 7. Comparison of Shock Input and Mass Response, 18.1-kg (40-lb) Mass, Shock Beam Test 
The time history for the recorded shock pulses is shown along with the mass response. This plot shows 
the amount of reduction in the response of the bipod mass due to the isolation of the shock input. The 

effective reduction of the mass response due to the base input is over 30 dB. 

Sine Vibration Test 

Sine Vibration Test Setup 
The test setup for the sine and random vibration test is shown in Figure 15. The picture in Figure 16 
shows the actual setup of the sine and random vibration testing. The bipod and mass were instrumented 
with 15 accelerometers. The accelerometers were placed to measure the response of the isolators and 
payload mass with-in the limitations of the available instrumentation. The locations of the accelerometers 
were selected to provide information of the in-line spring surge modes, the isolator spring body lateral 
modes, and what the mass response was at those modes. The locations of the test accelerometers are 
shown in Figure 8. The testing was performed with only the 18.1-kg (40-lb) mass. This was done to 
characterize the equivalent system bounce mode and to characterize the isolator spring body lateral 
mode, spring body in-line surge mode and harmonics, which are not affected by the bipod suspended 
mass. 

Figure 8. Sine and Random Vibration Accelerometer Location, South Side 
The north (top) and south (bottom) isolator with the location of the visible accelerometers are shown. The 

slip plate and the adapter plate are to the right with the suspended 18.1 -kg (40-lb) mass to the left. 

'I 
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Sine Test 
There were a total of six different test input levels of 0.25 g's initial, 2.5 g's, 7.5 g's, 12 g's, 16.25 g's and 
finally 0.25 g's. The input at the base was limited for the 7.5 g's, 12 g's, and 16.25 g's to achieve a peak 
response at the payload mass of 16.25 g's. The mass responses for the 0.25 g's and 2.5 g's test levels 
are not limited. Reviewing the mass response provides an indication of the affect of the isolator structural 
modes on the payload mass. It is best to determine the performance of the isolators by reviewing the 
transfer function of the isolator which is a ratio of the response relative to the input. Using the Transfer 
function the different input levels can be compared to each other. 

Sine Test Transmissibilitv Data (Transfer function) 
Prior to performing the vibration test, we identified which response channels we wanted to compare to the 
reference channels so that the transmissibility of the isolator could be evaluated without consideration to 
the input level. For the purposes of this paper, we will discuss the calculated transmissibility of mass 
response accelerometer, channel 8, to the bipod base. 

The transfer function for all the base input different levels is plotted in Figure 9. In this plot, the bipod 
break frequency is shown, the lateral mode of both of the isolators can be clearly identified, the spring 
body surge mode with its very high response can be clearly identified, and there are modes above 1000 
Hz that are evident. 

In order to evaluate the mass response and the bipod structural modes, we will break the plot in Figure 9 
up into three different ranges, 10 Hz to 100 Hz, 100 Hz to 1000 Hz, and 1000 Hz to 2000 Hz. First, we will 
examine the break frequency of the bipod shown in the plot from 10 Hz to 100 Hz. The bipod break 
frequency shows shifts with the change in the base input level. Care was taken to ensure that the 
temperature of the isolator was at room temperature before the start of each test. The break frequency 
and calculated transmissibility changed slightly as the input level increased. This is consistent with the 
theory for the isolator. An explanation of the three parameter isolator theories that predict shift in 
frequency and change the isolator break frequency and damping is included in Reference *. The isolator 
design is such that as the damping (Ca) decreases because of the heating of the isolator, the isolator is 
more closely tuned to the input level which slightly decreases the break frequency and the isolator 
calculated transmissibility. We measured the temperature rise of the damper housing during the 16.25 g 
test and the increase in temperature was 18.8 "C (34 OF). The effect of the temperature change is clear in 
Figure 9. 

In the frequency range from 100 Hz to 1000 Hz we see that there is a lateral mode of both of the isolators 
in the bipod at 21 5 Hz and the isolator spring body modes at 615 Hz. This data is consistent with the data 
collected in previous testing. The 615-Hz mode can be used to evaluate the transmissibility of the main 
spring surge mode. The worst-case transfer function peak of the 615-Hz mode is approximately 0.9. If 
there was no mode at this location, the mass response should be approximately 0.02 therefore, the 
calculated transmissibility of the mass response due to the spring surge mode is approximately 45. This is 
likely an optimistic estimate since this measurement is not in-line with the isolator. 

In the frequency range from 1000 Hz to 2000 Hz, there are some structural modes of interest in the 
payload mass response transfer function. The first mode of interest is at 1 190 Hz. The transfer function 
approaches a calculated transmissibility of 0.12 or a factor of 8 below bipod base input. There are 
additional modes above 1 190 Hz but there levels are even lower. Evaluation of the higher modes is still in 
progress. 
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Transfer Function, 5Hz to 2KHr Sine Vibration Test of Bi-Pod with 40Lb Mass, 
Mass response at Channel 8 only Relative to the Base Input 
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Figure 9. Transfer Function of the Mass Response only at the Bipod Interface. 

Since the in-line response of the mass is much the same in both accelerometers, the plot in this figure is 
just the mass response at the bipod interface to the 18.1 -kg (40-lb) mass. These Isolators work so well 

that for low inputs (0.25 g’s), the high frequency response is less than the accelerometer noise floor 

Final Conclusions 

A new D-Strut@ isolator has been developed for a Laser Communication Terminal experiment. This new 
D-Strut@ isolator advances the state of the art for dual mode isolators in the space environment. This new 
D-Strut@ isolator increases launch load capacity by at least a factor of two with the limiting factor now 
being the structure and not the damper bellows as in previous designs. This new D-Strut@ isolator was 
exposed to a sine vibration environment of 16.25 g’s and still functions properly afterwards without 
changing it’s isolation capabilities. This new D-Strut@ isolator reduces the shock environment by a 
minimum of 31 times (-30 dB). 

A customer concern with the new D-Strut@ isolator is the main spring surge mode at 615 Hz. This mode 
may affect the line of sight pointing capability of the Laser Communication Terminal instrument. To solve 
this problem we have completed testing using constrained layer damping, or the using Tuned Mass 
Dampers on the spring to reduce the main spring surge mode. At the time of this writing, we have not 
completed the evaluation of the test results but firs indications is the constrained layer damping has no 
effects on the surge mode and tuned mass damping has significant effects. We will have some 
conclusions about the additional damping methods available in a future paper. 
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