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This paper studies the performance of a friction damping scheme that uses a pre-tensioned,
wound coil that allows interlayer slip during launch vibration of spacecraft structures with
realistic geometries and properties. A finite-element simulation is used to study the vibration
response of a coil wound around a mandrel, supported in a base-fixed configuration. The
simulation focuses on material properties and geometries relevant to actual space applications.
It is demonstrated that damping ratios as high as 50% can be achieved.

Nomenclature
AR = mandrel aspect ratio
D; = mandrel/coiling diameter
D, = wound roll outer diameter
DR = mandrel-structure diameter ratio
E = modulus of elasticity
EFr = frictional energy dissipation
Ja = natural frequency
FoS = factor of safety
g = gravity
1 = second moment of area
k = bending stiffness
L = length
m = mass
MR = mandrel-structure mass ratio
P = power dissipated per meter squared
s = scale factor
t = wall thickness
Tpi = transmissibility peak
TR = mandrel-structure thickness ratio
Xtip = tip deflection
4 = damping ratio
u = coeflicient of friction
O = shear capacity
Omax = Mmaximum von Mises stress
oy = radial surface pressure
oy = yield stress
Subscripts
m = mandrel
s = structure
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I. Introduction
N a previous study [1], we proposed a novel, passive vibration damping concept, which is motivated by recent
deployable structures for space, such as the Redwire Roll-Out-Solar Array (ROSA), JPL Starshade, and the Caltech
Space Solar Power Project (SSPP) [2-5], that use coiling as a packaging architecture. The proposed concept, referred to
as wound roll damping, is a friction-based damping scheme for coiled structures, where the structure is wound around a
mandrel with tension that allows interlayer slip during vibration. The friction between slipping layers in the coil (also
referred to as the wound roll) provides an energy dissipation mechanism, which reduces the overall level of response.

Development of the wound roll damping concept was motivated by the challenge of vibration management, which
is particularly relevant for deployable spacecraft structures. Presently, rockets stand as the sole means for launching
large payloads into space and, as a consequence, every spacecraft must contend with the excitation loading inherent to
rocket launches. The dynamic loading experienced by a payload during launch and flight originates from a variety of
sources, each presenting a range of spectra and degrees of severity. These sources include the unsteady combustion
of the engine(s), turbulent atmospheric interactions along the rocket body or arising from exhaust gases, and shocks
induced by explosive devices during stage separation [6, 7]. Previous studies estimated that launch vibration accounts
for up to 60% of first-day space failures [8]. Rockets not only provide the source of excitation but also impose additional
constraints to the problem-solving approach of reducing vibration response. The finite dimensions of rocket fairings
imposes volumetric limitations on payload size. Moreover, heavier payloads reduce launch capabilities and orbital range,
ultimately resulting in elevated launch costs.

Given these challenges, the wound roll damping concept originated from the goal of finding a vibration mitigation
solution that is intrinsic to the coiled structure. The aim was to make use of existing structural elements and re-purpose
them as multi-functional, by having the coil itself provide an energy dissipation mechanism that adds passive damping
to a vibrating structure, without the need for discrete, non-intrinsic damping devices, which would result in an increase
in mass, size, and complexity of the system.

There are major limitations associated with existing damper technologies such as: tuned mass dampers (TMD),
tuned liquid sloshing dampers (TLD), viscoelastic dampers, and viscous dampers. First, the addition of a non-intrinsic
damping device results in either added mass or increased compliance, in the case of base isolation, which leads to a
reduction in stiffness. In this respect, stiffness must be traded off for increased damping [9]. Launch providers typically
establish lower limits for the first resonant frequency and generally require an additional frequency separation buffer to
guarantee a sufficient margin. This is done to prevent coupling between the payload and the rocket and also to avoid
interaction with GNC systems [10]. Furthermore, increased compliance could result in impact between the payload and
the rocket [11]. These issues are amplified when considering scalability as the structure size or excitation levels increase.
To maintain or increase damping levels, the mass, size, as well as space or stroke requirements of most conventional
dampers correspondingly increases as well [12—14]. Thus, having to add a non-intrinsic damping device would directly
limit the maximum size or mass of a deployable structure due to fairing constraints.

Second, the damping performance of a number of these concepts is dependent on the profile of the excitation, such as
the frequency content, excitation amplitude, and loading rate. Several of these concepts are only effective for particular
frequencies or waveforms. This is applicable to the TMD and TLD as well as other damping devices that need to be
tuned or otherwise have frequency dependent responses, like the piezo damper [12, 14-19]. An additional issue with the
tuned dampers is robustness to uncertainty, where the performance of the damper depends on the characterization and
stability of both the damper and structure properties in order to achieve accurate frequency tuning [12, 14, 16, 17, 20].
Damping concepts with excitation profile dependent performance would prove unsuitable for launch vibration mitigation
owing to the broadband excitations involved.

The following properties of the wound roll damping concept were identified [1]:

1) Itutilizes the properties intrinsic to the coiling packaging scheme, i.e., coiling packages a structure in a cylindrical
shape, which has potential geometrical benefits, and creates distinct layer interfaces to facilitate slip dissipation,
and thus requires no added components and is entirely passive.

2) The damping and overall stiffness of the system can be varied depending on the winding tension applied. While
damping and stiffness are inversely related, the associated cost of increasing one parameter for another was
observed to be relatively small.

3) Slip initiates from a relatively small region within the roll, and the extent of the slipping regions is affected by the
relative magnitude between the interlayer friction capacity and the excitation magnitude. Only a small amount of
motion is sufficient to provide significant damping.

4) Through the layered geometry, the damping concept exhibits a discriminatory, self-scaling behavior. For low
excitation, no slip occurs and there is a stiffer overall response. Increasing excitation levels causes slip to



propagate to additional layers in the coil, which increases damping.

5) The damping concept is a relative motion device and therefore works for any excitation profile.

These findings, were obtained from experiments and simulations at small scale. The materials and geometry of the
experiments were intentionally selected to ensure that a relatively small number of layers would significantly influence
the structural response of the system at laboratory scales [21]. However, real-world deployable space structures that are
packaged by coiling, such as ROSA, Starshade, and SSPP, encompass a broad spectrum of stiffnesses, length scales, and
number of wound layers [2—4, 22]. In order for the wound roll damping scheme to be utilized in practice, its capabilities
must be understood in broader and more practically applicable contexts.

Hence, the objective of the present study is to assess the performance of the wound roll damper concept under more
realistic scenarios by investigating its sensitivity to changes in physical parameters, such as size, mass, and stiffness, as
well as to understand how the damper concept performs at scale. To do this, A finite-element (FE) simulation, already
employed in previous studies [1, 21], is used to study a geometrical and material design space that is informed from
real-world coiled space structures. The simulation model is a simplified 3D representation of a wound roll, comprising a
cylindrical solid, that approximates a set of coiled layers, concentric with a mandrel shell that is held in a base-fixed
configuration. To emulate the stress state imposed by a winding tension, the coil solid is preloaded with a surface
pressure, and a friction interaction is defined between the outer surface of the mandrel and the inner surface of the coil
solid. In this configuration, slip occurs solely along the coil-mandrel interface, with no slip assumed within the coil
itself.

The primary performance metric outputs from these simulations are the damping ratio, £, and the resonant frequency
of the system where the damping ratio is measured, f,,. To obtain these two metrics, a sine-sweep base excitation
is applied. The simulated structural response is integrated in time, and the tip and base accelerations are recorded
for the sweep excitation. The simulated frequency response and corresponding damping ratio values can then be
extracted for any given configuration selected from the design space. The results of the finite-element simulation are
used to determine the performance and sensitivity of the wound roll damping concept in a realistic design space, using
the resonant frequency and damping ratio for each configuration studied. Attention is given to the range and rate of
variations to provide indications of performance, robustness, and tunability of the wound roll damper concept.

I1. Parameter Space and Geometry Definition

This section describes the methodology for selecting the design space in terms of material properties and geometric
parameters that will be used in the FE simulation to study the damping and stiffness for realistic applications. These
parameters are important for the performance of the wound roll damping concept, as the material properties and
geometry of the structure couple with the environmental loading and contact properties to determine the structural
response. Consequently, they play a pivotal role in influencing the damping and resonant frequency performance metrics
that are extracted from the system response. Here, real-world coiled space structures are examined.

The geometries of the coiled structure in this simulation study are derived from recent, state-of-the-art coilable space
structures including ROSA, Caltech SSPP, and Star Shade [4, 5, 23-28]. Multiple point designs for these structures
exist at several scales. The following specific instantiations, corresponding to the largest versions of these structures, are
selected for study: iROSA (18 m X 3 m, considering only half of the system as the entire structure is stored in two
separate rolls) [29], SSPP (60 m x 60 m) [5], and HabEx Star Shade (52 m diameter) [4].

Table 1 shows the relevant dimensions and properties, including the length of the coiled structure, L, the mandrel
diameter, D;, the outer diameter of the coiled structure, D,,, and the mass of the coiled structure, m,. Note that m; is
the best estimate of the mass of the coiled structure alone, excluding the mandrel, based on reported areal densities,
power densities, or directly stated mass metrics.

Table 1 Estimated Parameters for Coiled Space Structures

Structure L D; D, my
iROSA 30m | 0.5m | 0.8m | 25kg
Caltech SSPP 1.0m | 04m | 1.6m | 500 kg
Starshade HabEx | 3.0m | 1.5m | 4.0m | 1500 kg

Although these structures are anisotropic, i.e., composed of diverse materials, functional elements, and geometric
configurations, for simplicity the coiled layers in this study are considered to be uniform, isotropic, and homogeneous,



both materially and geometrically. The masses and dimensions in Table 1 can then be used to define the mean densities.
Furthermore, although the structures under consideration include elements made of relatively stiff materials, such as
carbon fiber or fiberglass, a relatively modest modulus of £ = 5 GPa is assumed for the baseline configuration for
all structures. This is within the range of stiffnesses calculated from a representative volume element of the Caltech
SSPP structure, and is considered to account for the reductions in stiffness caused by cutouts and other compositional
discontinuities. With these assumptions, the coil is fully defined, and the remaining task is to finalize the mandrel
design.

ITI. Design Study: Mandrel Sizing

After defining the design space for the coiled layer properties, the remaining decision is the configuration of the
mandrel around which the layers are coiled. Using the coiling diameter of the reference structures in Table 1, the outer
diameter of the mandrel can be determined. Thus, only the material and wall thickness of the mandrel need to be defined.
To streamline the design process and create a generalized approach for all considered missions, aluminum has been
selected as the mandrel material, owing to its widespread application as a structural material in aerospace. The last
remaining choice is to select the mandrel wall thickness for each mission.

Solid aluminum cylinders are not viable for launch mass constraints. Launch loads often act as a critical determinant
for structural sizing, and thus, they are assumed to be the primary driving requirement for mandrel sizing. Hence, the
mandrel’s wall thickness to support each configuration of the coiled structure is chosen so that it provides a 25% margin
against yield (o7y, 16061 = 280 MPa) under loading.

For this study, the mandrel margin is required to be compliant against two simultaneous loads: a transverse,
quasi-static acceleration and an external pressure load. The amplitude of the transverse acceleration loading is equivalent
to typical, sinusoidal acceleration launch loads while accounting for dynamic amplification, which generally exceeds
prescribed steady state acceleration loading [6, 30]. The external pressure loading arises from the wrapping pressure
from the coiled structure.

The mandrel sizing simulation study is performed in ABAQUS on a 3D model of a shell mandrel. This study
assumes a configuration where an isotropic mandrel is fixed in a cantilevered arrangement with a tip mass denoted as m.
The mandrel is characterized by its length L, outer diameter D;, and wall thickness #,,. End stiffeners hold the mandrel
circular. For this design study, the coil structure is not incorporated. Instead, its inertia is introduced as a non-structural
mass applied on the mandrel. Furthermore, the point mass, m, situated at the mandrel’s tip is assigned a mass equivalent
to that of a solid, aluminum end cap disk, with a thickness equal to the wall thickness of the mandrel.

The analysis is performed in a single static analysis step, with the transverse loading and wrapping pressure applied
concurrently. The magnitude of the transverse static loading is 100 g applied as a gravity load, which is equivalent to a
sinusoidal load of 1 g with 0.5% damping [31, 32]. This represents an extremely conservative design, where the coil is
assumed to act only as an added mass that provides no damping, to ensure the mandrel has adequate margin regardless
of the behavior of the wound roll in later simulations. The wrapping pressure assumed is 500 kPa, which is well under
the critical buckling load of a cylinder under external pressure for all configurations considered [33]. The peak Mises
stress, Onax, 18 extracted to calculate the margin, assuming a factor of safety of FoS = 1.2, given by:

Ty, Al6061

Margin = —————
£ Omax * FoS

-12>25% (1)

For each of the configurations considered in Table 1, the design study is performed by running the loading conditions
against a range of mandrel thicknesses from 1 mm upwards. Figure 1 shows the calculated margin for a range of mandrel
wall thicknesses for each point design considered, assuming the corresponding added mass estimates of the coil in Table
1. The mandrel thickness is given by the intersection of the margin curve with the 25% level, Fig. 1.
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Fig. 1 Mandrel wall thickness design studies for each point design.

Table 2 summarizes of the mandrel properties described by the following metrics:
Mandrel aspect ratio, AR, defined as the ratio between length and mandrel outer diameter:

L
AR=— 2
D, 2

Mandrel-structure mass ratio, M R, defined as the ratio between mandrel mass, m,,,, and the structure mass, m:

mm

MR = 3)

Mg
Mandrel-structure thickness ratio, TR, defined as the ratio between mandrel wall thickness, #,,, and the coiled
structure thickness, 75, which is found by taking half the difference between the estimated outer diameter of the coil
from the outer diameter of the mandrel from Table 1:

t
TR=2 4)
Iy
Mandrel-structure diameter ratio, DR, defined as the ratio between the coiling diameter (mandrel outer diameter),
D;, and the coiled structure outer diameter, D, :
D;
D(I
Mandrel bending stiffness, k, using the modulus of aluminum for E and the second moment of area of each
cylindrical cross-section, I:

DR = (5)

_3EI

k=75 ©

Table 2 Mandrel Properties and Metrics

Mission | L [m] | D; [m] | m; [mm] | AR | MR TR DR k [KN/mm]
iROSA 3.0 0.5 2.5 6.0 | 1.2 | 0.015 | 0.625 1.0
SSPP 1.0 0.4 12.5 25 | 0.1 0.02 0.25 60.0
HabEx 3.0 1.5 10.0 2.0 | 0.25 | 0.01 | 0.375 100.0

Table 2 shows that the considered configurations span a wide range of wound roll geometries. Having established
the geometry and material specifications for the point designs, the mandrel design study is concluded, paving the way
for the full characterization study of the wound roll.



IV. Finite Element Simulation of Wound Roll Damping at Realistic Scales

For the vibration performance study, the coiled structure solid is incorporated into the model specified in Section III.
The simulation is performed on a simplified 3D model of a wound roll, composed of a cylindrical solid concentric
with the shell mandrel. Informed by earlier studies [1], which highlighted the mandrel-inner layer interface as the most
susceptible to slip, here, the assumption is made that there is no slip within the coil, allowing it to be modeled as a
solid. In this manner, the only slipping interface is along the mandrel-inner layer boundary. In contrast to previous
simulations, which exclusively utilized shells elements for the lab-scaled model, the increased total thickness of the coils
requires using solid elements.

The coiled structure solid is assumed to be isotropic, with the outer surface of the coil solid being preloaded with a
pressure loading o, which is intended to represent the stress state applied by tension winding. The coiled structure is
defined by length L and thickness, 7y, as illustrated in Fig. 2. The inner diameter of the base of the coil was assumed to
be bonded to the mandrel’s base. The mandrel was modeled using S4R shell elements and the coil layer solid was
modeled with C3D8R solid elements.

B S TR
Base Excitation

Fig.2 Geometry of coiled structure for FEA.

The interaction between the innermost coil layer and the mandrel was specified with the following contact definition.
In the normal direction, the contact condition is set to enforce hard contact, meaning that no penetration is allowed,
while still permitting separation. The friction model for the tangential direction is defined by a Coulomb penalty friction
model, with coefficient of friction u. No other form of damping is included.

For this concept, the damping provided is correlated to the degree of slip, which is determined by a coupled
interaction between the layer preload, contact properties, assembly geometry, and loading. The friction capacity, which
is the amount of force an interface can support until slip occurs, is assumed to be equal to the product of the coefficient
of friction and the preload for the Coulomb-like model, o = po,-. For a given configuration of wound roll and loading
level, the vibration response, as measured by f,, and £, can be adjusted by simply varying the winding tension which
controls o.

Although there are multiple degenerate combinations of ¢ and o, that result in the same friction capacity, in this
damping scheme the preload influences the state of stress in the wound roll, and consequently impacts its stiffness, and
therefore affects the vibration response. Thus, variations in both the friction and preload parameters must be studied
independently. For the coefficient of friction, this study assumes the contact surfaces can be engineered to have arbitrary
friction properties and uses u = 0.25 for the baseline simulation case. The variation in the vibration response of the
simulated coil with friction capacity is the focus of this study, so a range of preload values is considered.

The procedure for this simulation is as follows. First, a static analysis was performed to apply the initial preload of
the coil layer solid against the mandrel. In the next dynamic implicit step, the assembly was subjected to an acceleration
base excitation profile and time integration of the model response was carried out. In order to obtain the frequency
response, a sinusoidal base acceleration excitation using a 0.5 g geometric chirp (also known as an exponential sine
sweep) from 5 to 160 Hz over a period of 20 s was applied. Notably, this corresponds to a relatively fast sweep rate, and
was selected primarily due to the computational expense associated with time domain simulations. While this speed
may raise some concerns about affecting the modal response and impacting estimates of the resonant frequency and
damping, even for modest levels of damping, if the resonant frequency is sufficiently high, the system can support a
relatively high sweep rate without significantly affecting the response [34].



To further increase computational efficiency, aggressive mesh reduction was conducted. Here, due to computation
cost, mesh convergence was investigated using the linear perturbation frequency method instead of time domain
simulations. The acceptable mesh density criteria corresponded to the lowest mesh density that still maintained 99%
of the converged value of f,,. Generally, this corresponds to approximately 300 elements minimum for each object,
achieved by seeding the edges of the cylindrical shell with at least 30 mesh seed points on the circular edges, having
minimum 2 mesh seed points through the thickness of the coil solid, and 10 mesh seed points on the axial edges for both
the shell and the solid.

The output of the sweep simulation provides the time history of the tip response of the coil-mandrel system, as well
as the base input. The Fourier Transform of the tip response and base input, and subsequent ratio between the two
provides the transmissibility response spectrum in the frequency domain, where the damping is estimated using the
half-power bandwidth method at the resonant frequency.

V. Base Configuration Simulation Results

A. Transmissibility Response Variation with Preload

The variations in vibration response with preload of the baseline configurations of the coiled structures are shown
in Fig. 3. These plots show the transmissibility of the mandrel tip response as a function of the input frequency for
different preloads, and are largely included in this raw form for full transparency to provide an initial insight. From these
frequency responses, the variation in damping, estimated using the 3 dB method, with resonant frequency is shown in
Fig. 4, which presents the trends in a more standard format. While the attenuation observed in the dataset generally
exceeds the levels where the 3 dB method is understood to be accurate, damping is estimated using this method in a
manner that provides a conservative estimate. The Appendix discusses the approach and reasoning behind this choice.
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Fig. 3 Transmissibility variation of baseline configurations with preload.
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Fig. 4 Damping ({) and resonant frequency (f,) variation of baseline configurations with preload.

For a friction-based damping system, decreasing the preload lowers the interlayer shear capacity and will result in
increased slip. At first glance, one might therefore expect that increasing the slip would lead to a greater dissipation and
consequently higher damping. However, in Fig. 4, the vibration response of the structures at low preloads shows the
lowest damping and lowest resonant frequency. In all three of these cases, the lowest preload case (10 kPa) does not
correspond to the highest damping and exhibits the highest amplitude response.

For two configurations, iROSA and HabEXx, increasing the preload results in increasing damping up to a critical
preload point, beyond which the damping decreases. These observations are consistent with the general characteristics
of friction damping, where there exists an optimal preload configuration which results in the maximum possible damping
[35]. This phenomenon arises from the inverse relationship between the shear capacity, which controls the prevalence
of slip, and the work done by friction, both of which are governed by the preload magnitude.

The amount of energy dissipated by friction is determined by the work done by friction forces when slip occurs. At
lower preload, the shear capacity is reduced, meaning slip is more likely to occur. However, the overall work done is
reduced due to the lower preload. Conversely, higher preload increases the shear capacity and results in less frequent
slipping. Reduced slip does not always result in lower energy dissipation because, while slip initiation is more difficult,
when slip does occur, proportionally more work is done due to the correspondingly higher forces. Because there is an
inverse correlation between slip extent and work done, an optimal preload level that balances the two quantities exists.
This phenomenon provides insight into why damping levels do not exhibit a substantial decrease despite an overall
reduction in slip at higher preload levels.

Beyond the maximum damping point, the vibration responses of the iROSA and HabEx scaled structures demonstrate
characteristics observed in previous laboratory-scale experiments: increasing the winding tension above this value
results in an overall increased stiffness, but corresponds to decreasing damping. Of particular note is that both the
iROSA and HabEx scale structures are able to span a wide range of resonant frequencies with preload variation. The
SSPP scale structure on the other hand is confined to a relatively narrow frequency range. For the SSPP configuration,
the range of preloads considered has not led to a reversal in damping-resonant frequency.

B. Energy Dissipation Correlation with Damping Level

The frictional energy dissipation, Er, can be directly extracted from the simulation results to determine if the
response amplitude reduction of this concept is solely due to work done by friction or if additional contributions from
other phenomena, such as destructive interference, need to be considered. Fig. 5 plots the frictional energy dissipation
in Joules against the corresponding damping ratio extracted for each structure configuration. Immediately noteworthy is
the maximum energy dissipation for all structures is less than 1 kJ over a 20 s duration sweep. This suggests that the
damping provided by this concept at realistic scales does not produce significant amounts of heat.

Comparing just the total energy dissipated by friction alone, the peak damping configuration does not necessarily
coincide with the highest energy dissipation. However, focusing solely on total energy dissipation fails to acknowledge
the variations in stiffness among different configurations, which leads to distinct resonant frequencies. While the
exponential sine sweep profile employed in the simulations excites an equal number of cycles at each frequency, the
duration of a ’cycle’ depends on the frequency, where less time is spent at higher frequencies compared to lower



ones. In the case of the wound roll damper, the most significant dissipation rates occur at resonance, where the extent
and magnitude of slip are the largest. Because the stiffness, and therefore the resonant frequency, vary with preload,
meaningful comparison of total energy dissipated can be obtained with suitable normalization that accounts for the
differences in displacement and time between configurations. Here, energy dissipation in Joules is converted to power
dissipated per meter squared by dividing the energy extracted from the simulation by both the square of the peak tip
displacement, x;;,, and the resonant frequency:

P = Ep/max(x};,)/ fu (7

This relation is analogous to an alternative definition of the damping ratio for oscillators, which relates the power
dissipated to the energy stored [36]:
Power Dissipated

8
Energy Stored ®)

Power dissipated is obtained by relating the total energy dissipated to the natural frequency of the system. The square of
the maximum tip displacement observed is used as a proxy for the strain energy of the model at resonance.

Fig. 6 plots the damping ratio against the normalized power dissipated per meter squared, P. The maximum damping
observed does not precisely align with the peak power dissipation across all scenarios. Nonetheless, higher damping is
observed to be strongly correlated with this rescaling of frictional work that takes into account the different stiffnesses
and time scales between configurations. This result confirms that the reduction in response amplitude provided by this
damping concept at real-world scales predominantly stems from frictional dissipation.

Despite the variation in responses between these structures, a significant amount of damping can be achieved where
friction alone provides the energy dissipation mechanism. The minimum damping ratios observed is { = 1% and
significantly higher damping configurations exist and are achievable by varying the winding tension only.

In concluding, the geometric benefits of utilizing a coiled structure as a structural element have been demonstrated
at large scales with the observed resonant frequency increase with winding pressure, while still maintaining elevated
levels of damping. These results suggest that the performance of the wound roll damping concept is viable at practical
scales. To gain a deeper understanding of how variations in these configurations influence the difference in responses,
sensitivity studies are explored in the next section.

VI. Sensitivity of Wound Roll Damper Performance

The objective of the sensitivity studies is to understand the relative effects of varying the simulation parameters on the
vibration response of the wound roll configurations. A secondary objective is to determine whether the sensitivity studies
can explain the different behavior of the SSPP structure observed thus far compared to the other two configurations.
Specifically, the SSPP structure exhibits responses within a relatively narrow range of stiffness observed through resonant
frequency measurements, as well as the absence of a clear demonstration of the optimal preload for achieving maximum
damping. These behaviors are not observed in the other two cases.

For sensitivity studies, the approach is to examine how varying the design and properties of the coiled structure
affects the vibration response of the system. In these studies, the mandrel design remains fixed, as geometrically, the
coiling diameter of a structure undergoing coiling is typically determined by the minimum safe change of curvature for
the structure [37]. Thus, only adjustments to the materials and geometry of the coil are considered. For the design
variation of a real structure, materials can be changed, the arrangement and continuity of materials can be adjusted, the
contact properties between the structure and the mandrel can be modified, and the size of the final deployed structure
can be altered to achieve larger or smaller coiled dimensions. The net effect of these design variations in real space,
when translated into the context of the simulation framework in this study, result as variations in the effective bulk
stiffness of the coil, the coefficient of friction, and the outer diameter of the coil. Therefore, the three parameters under
consideration for the sensitivity studies are the structure homogenized modulus E, the coefficient of friction y, and the
structure thickness scaling factor s (Fig. 7).
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Fig. 7 Wound roll sensitivity parameters under study: homogenized modulus £, coefficient of friction u, and
structure thickness scale factor s.

To study the effect of the coiled structure’s stiffness and the friction between the coil and the mandrel, values that
bracket the baseline configuration are selected, reflecting either more conservative estimates or more finely engineered
configurations. For the size sensitivity study, the structure coil thickness is modified by a scaling factor s to vary the
outer diameter. This can be thought as studying the sensitivity of vibration performance to the deployable structure
size. When utilizing coiling as a packaging scheme for deployable structures, expanding the size of the final deployed
structure can often be achieved by simply incorporating additional layers in the coiled configuration. At the time of
writing, the reference structures for the baseline configurations represented the largest concepts proposed for each
configuration. Therefore, only scaling down from these baseline configurations is considered.

The simulation was rerun for different parameters as shown in Table 3. The new sensitivity study data is plotted
with the previous results and shown in Fig. 8, Fig. 9, and Fig. 10, in terms of the raw responses. Fig.11 reanalyzes the
data presented in Fig.10 in relation to shear capacity. To better highlight the underlying trends, the maximum damping
for each configuration can be extracted, along with its corresponding resonance frequency, and plotted in Fig. 12.

Table 3 Sensitivity Studies

Sensitivity Study s E [GPa] 7
Baseline 1 5 0.25
Stiffness 1 1,10 0.25
Friction 1 5 0.125,0.5

Size 0.25-0.75 5 0.25
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Fig. 12 Maximum damping and corresponding stiffness sensitivity trends.

From the stiffness sensitivity study in Fig. 8 and Fig. 12a, the dominant effect of this parameter is to shift the
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resonant frequency of the coiled structure assembly. In general, the peak damping achievable decreases as the structure
becomes stiffer, but remains within the same order of magnitude across a wide range of moduli values. This result
is consistent between all structure configurations and indicates that the rate at which damping changes with coiled
structure modulus is low. In certain configurations, substantial changes in the overall assembly stiffness can be realized
by adjusting the effective modulus of the coiled structure, while minimally impacting damping performance. Notably,
the stiffness of the structure is not observed to affect the overall shape of the damping-resonant frequency response
curves for the SSPP size structure (Fig. 8b).

In Fig. 10, the damping response curves for different coefficients of friction exhibit a significant degree of overlap,
although not necessarily at the same preload value. This is to be expected, since the shear capacity for the Coulomb-like
friction model is given by the product of the coefficient of friction and the preload. In the test cases considered, there
are several combinations of u and P that result in the same shear capacities. This effect is better shown in Fig. 11, which
plots the damping ratio against the shear capacity.

For the iROSA scaled structure, the responses at identical shear capacities coincide almost exactly (Fig. 11a). With
the SSPP and HabEx scaled structures, there are slight offsets between the curves (Fig. 11b, Fig. 11c). This data
illustrates that, despite anticipated redundancy, the vibration performance in all cases may not be attributed to the shear
capacity value by itself. Instead, the response might exhibit some dependence on the individual values of the friction
and preload. This result is not surprising, as the preload changes the stress state of the system, which is observed
to affect the system stiffness. For the iROSA and HabEx scaled structures, the maximum damping achieved is not
significantly affected by the coefficient of friction (Fig. 11a, Fig. 11c). However, with the SSPP structure, the range of
damping increases significantly for the highest coefficient of friction considered, at the largest preloads (Fig. 11b). This
sensitivity to shear capacity is believed to be related to the different behavior of this structure observed in Fig. 4 and will
be discussed next.

For the size sensitivity study, three different behaviors are observed in response to scaling of the structure size (Fig. 9,
Fig. 12b). With the iROSA scaled structure, there is comparatively little change in damping and resonant frequency
with size (Fig. 9a). This is in contrast to the SSPP structure, where the amount of damping increases drastically as the
structure becomes smaller (Fig. 9b). Here, note that the shape of damping-resonant frequency response curves now
exhibits the expected behaviors for the small structure sizes, s € (0.25,0.5): a much wider range of resonant frequencies
are observed with the responses demonstrating an optimal preload value for peak damping. For HabEX, the dominant
effect of scaling the structure is to simply shift the vibration response to the right towards higher frequencies as the
structure size decreases, with no major changes in the maximum achievable damping (Fig. 9c). As the dimensions of
the structure reduce, the inertial loading on the mandrel is reduced, leading to an increase in the stiffness of the system.

Having finally achieved similar behaviors between the structures with the above size sensitivity study, this result
suggests that they are related to size or mass. In order to explain the different sensitivities observed, the metrics
comparing the mandrel to the structure in Table 2 are revisited. The most compelling metrics to explain the different
behaviors between the structure configurations were the diameter and mass ratios, DR and M R. The diameter ratio
provides a measure of the relative sizes of the structure and mandrel: as the diameter ratio decreases, the structure
tends to become larger than the mandrel. The mass ratio provides a measure of the relative masses of the structure and
mandrel: as the mass ratio decreases, the structure tends to become heavier than the mandrel. Fig. 13 plots the diameter
and mass ratios, DR vs. M R, which compare the relative sizes and masses of the structure and mandrel.
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For the iROSA case, the mass of the mandrel dominates, as MR > 1 for all cases. Additionally, the mandrel is a
significant fraction of the structure size, with DR > 0.5. This indicates that the vibration response of this structure is
expected to be mandrel dominated, which supports the trends observed in the sensitivity studies, where the response
was relatively insensitive to the structure properties.

The HabEx case is intermediate in terms of both size and loading. The mandrel is about the same size as the
structure, as DR =~ 0.5. However, for smaller sizes, the overall structure mass decreases and becomes comparable to
that of the mandrel. This potentially explains why there is only a shift in resonant frequency.

The SSPP structure is an order of magnitude lower in terms of mass ratios and relative size. This indicates that
the mandrel is supporting a mass much heavier and larger than itself, and hence the response is dominated by the coil
loading the mandrel. This explains the unique behavior observed in the friction sensitivity study in Fig. 11b, where
higher shear capacities result in stronger coupling between the coil and the mandrel. As the structure becomes smaller,
these effects are reduced. This suggests that the vibration response sensitivity is dependent on the relative size of the
mandrel support and the coiled structure loading. Note that even though the mandrel design against the applied loading
was conservative, demonstrating positive margin for extremely low damping, it is not necessarily optimized to take best
advantage of the wound roll damping concept. This result provides an interesting consideration for redesign.

These sensitivity studies provide additional evidence that the wound roll damping concept has many features that
naturally lend themselves to scaling with material, geometry, and contact parameters.

VII. Conclusion

In this study, simulations were used to investigate the efficiency of the wound roll damping concept in realistic
contexts, considering recent state-of-the-art deployable structures for space. The structures considered covered a range
of structural parameters, including aspect ratios, sizes, and mechanical properties. The findings of this study confirm the
potential of the proposed damper concept in achieving substantial levels of damping in practical contexts. The lowest
level of damping recorded was around 1%, with many potential configurations surpassing this value by an order of
magnitude. These damping levels are of practical interest as they provide a substantial decrease in vibration response
at resonance, with certain configurations approaching virtually no amplification across the tested frequency range.
Furthermore, the examination of energy versus damping demonstrated that the performance of this damping concept is
achievable without generating significant amounts of heat.

The observed benefits of the damping concept at practical scales were not limited to damping alone. The coiling
form factor’s geometric considerations enable embedded adjustability of the apparent stiffness in the coiled structure,
providing a dual advantage in structural design. This adjustability was demonstrated by shifts to higher resonant
frequencies with preload. These findings were consistent in all the concepts considered.

The sensitivity of the damping concept to changes in structural stiffness, size, and coefficient of friction was further
explored. A noteworthy observation is the difference in sensitivity between the structures considered. This aspect was
notably emphasized in the study of structure sizes, revealing a range of sensitivities among the different configurations,
spanning from nearly invariant in the iROSA case to highly responsive in the SSPP case. This indicates that the
performance of this concept is sensitive to the relative size and mass between the mandrel and the coiled structure. The
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sensitivity study also highlights another crucial aspect, which is that identical friction capacities resulting from different
combinations of preload and coefficients of friction may not yield identical vibration responses in all cases.

A notable aspect of these results is that the damping levels observed in this study were achieved by simulating only
one slipping interface. While the wound roll damping concept can provide scalable damping with excitation through the
propagation of slip to additional layers, this study indicates that significant damping can be attained without additional
interfaces. In this work, the coiled structure was treated as a homogenized solid, where no slip is assumed inside
the coil and slip only occurs between the innermost layer and the mandrel. Thus, having only one friction interface
is demonstrated to be sufficient, where only the movement and deflection of the mass and stiffness of the coil as a
bulk entity is utilized in this concept. From a practical standpoint, this result holds significance for mission designers
concerned about potential damage from interlayer slip between sensitive surfaces or active components within coiled
layers of a deployable space structure. Thus, the wound roll damping concept can be employed, even when all layers
within the coiled structure are fully constrained, by incorporating a sacrificial interface on or between the innermost
layer and the mandrel. The results of this study provide compelling evidence for continued development of this damping
concept through experiments at scale.

Appendix

A. Discussion on Suitability of 3 dB Damping Estimate for High Damping

It is commonly asserted that the 3 dB method for damping estimation is only accurate for low damping values,
¢ < 0.05 [38]. However, in this research, vibration responses that demonstrate significantly higher attenuation have
been encountered. While there are other methods of estimating the damping from frequency responses and other
vibration data, the 3 dB method is an easy to implement, convenient measure that relates the response peak and the
bandwidth. Thus, the 3 dB method enables useful relative comparisons between different responses, even if the damping
estimate is not accurate. The utility of the damping estimate is also dependent on whether damping is over-predicted or
under-predicted. In general, a conservative estimate that underpredicts damping, where the actual loads experienced are
likely to be lower than predicted, is practically more useful than an over-prediction.

Another limitation with the 3 dB method is that this approach is most accurate for linear, single degree of freedom
systems, whose responses demonstrate symmetry, or systems with modes that are sufficiently spaced apart. However,
the wound roll damping concept demonstrates nonlinear, asymmetric responses as demonstrated by the positive skew
responses at low preload. Additionally, damping can become so high that the transmissibility is nearly flat for a large
frequency span, which can make it difficult to identify the resonant frequency of a highly damped configuration.

For these reasons, the general approach taken in this research to estimate damping from simulated and experimental
frequency responses is to apply a curve fit to the data first, and then apply the 3 dB method to the fitted response. For
this approach, if the peak response, ideally a resonant peak, has sufficiently high prominence and symmetry, i.e., for low
damping, the 3 dB method is directly applied. However, for sufficiently damped responses, where the prominence of the
resonant peak, if it is identifiable, or the symmetry of the response around the maximum response drops below a set
threshold, the response is fitted to a Gaussian function. This approach ameliorates issues in damping estimation by
providing a smooth, symmetric function that approximately captures the amplitude and bandwidth of the original data.
The algorithm for this fitting procedure is shown below.

Algorithm 1 Frequency Response Curve Fitting
For given frequency response ( f,T), identify the peak response: T,x = max(T).

if 7),; prominence and symmetry > Threshold then
Apply 3 dB method directly

else
Curve fit frequency response using GaussianFit(f,T)
Apply 3 dB method to fit

end if

A question arises regarding the suitability of this method for accurately reflecting the frequency response. Note that
although the frequency response plots demonstrate asymmetry and positive skew, it is important to realize that these
plots do not have the same axes scales, and thus the asymmetry is exaggerated. For systems with even moderate damping,
where the range of transmissibility, 7', is an order of magnitude lower than the 3 dB bandwidth, A f3,45, the Gaussian fit is
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Algorithm 2 GaussianFit( f, 7T): Fits Gaussian function to frequency response data consisting of frequencies, f, and
corresponding transmissibilities, 7', in the neighborhood of the peak response.

1: For given frequency response (f,T), find the frequency corresponding to the peak response: T,x = max(7T),
Sfprk = argmax T(f)
f

~ _(f=by 2
2: Return the best fit Gaussian: T(f) =a; -e ( €1 ) , calculated on the interval (f,x —d, fpx +d) € f obtained from:

d

maximize ——
RMSE(T,T;d)

- . Tox
subjectto  T(fpr —d) =T(fpr+d) < =
p p \/E

fpk+d

where RMSE(T,T;d) = \/ﬁ/ (T(x) - T(x))2 dx
fpk*d

observed to be a good approximation to the frequency response in the neighborhood of peak response using any typical
curve fitting error estimate. Here, the Root Mean Square Error (RMSE) is used in the GaussFit function (Algorithm 2).

Fig. 14 compares the estimated damping of a 1-DoF mass-spring-damper system obtained from direct application of
the 3 dB method and the approach where the frequency response is first fitted, and then the 3 dB method is applied to
the fit. Observe that both approaches are relatively accurate in estimating the prescribed damping value until £ = 0.2.
Beyond ¢ = 0.2, the direct 3 dB method over-predicts the damping while the fitting method under-predicts. While
error increases as damping increases, the fit method remains within the same order of magnitude up to relatively large
damping values of £ = 0.5. Thus, the approach of first fitting the frequency response is used to provide conservative
damping estimates used throughout this research. In all plots where damping is depicted with an error bar, this work
adopts an additional conservative approach by assuming that the estimated damping is higher than the actual value and
thus, the displayed estimate includes a lower bound error bar, derived from the error estimate in Fig. 14.
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Fig. 14 Prescribed damping of a 1-DoF mass-spring-damper system (m, k, () = (1, 1, ) vs. damping estimated

via: 1. Direct application of 3 dB estimate 2. Curve fitting, then applying 3 dB estimate on fit. After £ ~ 0.2, 3
dB method over-predicts while curve fit method under-predicts damping.
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