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Resistive Deployment of Inflatable Structures Using Velcro

M. Salama,* H. Fang,” and M. Lou *
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

To explain the dynamics of Velcro-controlled deployment of inflatable structures, we first examine various mech-
anisms involved in Velcro delamination. Unlike adhesive joints, it is found that Velcro has unique characteristics,
wherein multiple load-carrying mechanisms are sequentially engaged to resist separation. Both tests and analysis
suggest that a strength criterion based on the strain energy density dissipated during separation can best capture
these mechanisms. A finite element model of Velcro interfaces is also used, along with a finite volume inflation
model, to simulate the deployment behavior of Velcro-controlled inflatable structures. Although it is essential to
determine whether a selected type of Velcro will deploy, it is of equal interest to the designer to assess the rate
of deployment. To this end, simulation results show that, consistent with the proposed strength criterion, the av-
erage rate of energy dissipation at the Velcro interface also seems to be the most sensitive measure of the rate of

Velcro-controlled deployment.

Nomenclature

Finaysis Velcro peeling load (analysis)

F,, = Velcro peeling load (test average)

P = peeling force in adhesion peeling test

r = radius of curvature in adhesion peeling test

T,t = thickness of substrate and of test strip, respectively,
in adhesion peeling test

U = strain energy density

y = energy of fracture/unit area of interface

y* = maximum shear strain (test)

e* = maximum normal strain (test)

o, = actual (or computed) normal stress in a general
stress state

o, = actual (or computed) shear stress in a general stress
state

o* = maximum normal stress (test)

T* = maximum shear stress (test)

¢ = force inclination angle in peeling test

Introduction

HE stiffnessand load-carryingability of inflatable components

are synonymous with their degree of inflation. This intrinsic at-
tribute of inflatable membrane structuresis particularly challenging
because it attaches special significance to ensuring that the manner
and sequence of their deployment is predictable, controllable, and
dynamically stable. Improper deployment could result in irrecover-
able entanglement of the components and possible loss of the entire
mission. One way to achieve a high degree of deployment control
is by providing resistive forces to counter the undesirable chaotic
dynamics that may be excited by the inflation process. Two types
of resistive deployment schemes have been suggested."> The first
scheme is especially applicable to rolled inflatables, in which low-
stiffness coil springs are embedded at selected locations in walls
of the inflatable components such as tubes. The restoring torque in
the coil spring provides the “muscle” required to limit the torque
induced by the inflation pressure.
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Inanotherconcept,also discussedin Refs. 1 and 2, the coil springs
are replaced by Velcro strips attached to the outside of interfacing
walls of the inflatable membrane. In addition to being lightweight
and easy to install, Velcro offers two distinct advantages over em-
bedded springs. First, inflatable components with Velcro can be
packaged by Z folding, as well as by rolling. Second, unlike coil
springs, Velcro will not impose returning forces on the component
being deployed after inflation deployment is completed. For these
reasons, the use of Velcro is finding wide acceptance in recent in-
flatable designs.

To gain better understandingof the dynamic behaviorof these ap-
plications, the presentpaperexamines the mechanicsof Velcro sepa-
rationanditsinteractionwith the hostinflatable membrane structure.
In considerationof the sparse literature on the mechanics of Velcro
and the basic nature of the required information, the paper employs
a combination of basic material characterization tests and analysis
models and then concludes with a suitable Velcro strength criterion
and a measure of the rate of Velcro-controlleddeployment. The lat-
ter is particularly useful in selecting a particular Velcro strength for
a given inflatable application.

Mechanics of Velcro

The interestin the use of Velcro as a structural load-carryingele-
ment is relatively new because Velcro joints are capable of carrying
rather small forces. It is for this same reason, however, that Velcro is
most suited for the temporary joining of the highly flexibleinflatable
membrane structures.

The mechanics of Velcro bonding is simple, yet its simplicity is
noteasily quantifiable. The bonding principleis analogousto zippers
and button snaps, where adhesion occurs by mechanical interlock-
ing of two microstructureson two correspondingmating interfaces.
Applying sufficient pressure will cause a flexible microstructure
on one interface to pierce and interlock with another fibrous mi-
crostructure on the mating interface. Other than the manufacturer’s
literature, the authors are not aware of any published investigation
of Velcro bond characterization. The Velcro manufacturing process
involves a large number of variables, most of which are random in
nature. The variablesinclude thicknessand type of materialused, the
weaving/knitting fabrication technique, density of the microstruc-
ture per unit area, finishing process, type of backing, and method of
attaching the Velcro system to the host products. These factors have
strong influence on the manufacture’s advertised Velcro strength.

The methodology used here to characterize the mechanics of
Velcro follows the well-established strength of materials approach,
in which we first investigate Velcro behavior under a simple stress
state (such as simple tension), as well as under more complex
stress states (such as under peeling loads). Then, from among the
well-known strength criterion, we select one that captures Velcro
separation under simple stress and that yields accurate predictions
of Velcro separation under other general stress states. Analysis is
used to corroborate the test results of both cases.
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Fig. 1b Tensile force deflection for type-1 Velcro L1000-H88; strain
energy = 1.86.
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Fig. 1c Tensile force deflection for type-2 Velcro L2000-H88; strain
energy = 0.367.
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Fig. 1d Tensile force deflection for type-3 Velcro L3001-H88; strain
energy =1.38.

Velcro Behavior Under Simple Stress

The following tests were designed to characterize Velcro behav-
ior under pure unlatching tensile stress in the direction normal to
the mating interface and shear stress in the plane of the interface.
Typical results from 10 tests, each for a set of pure tensile Velcro
tests, are shown in Figs. 1a—1d for three types of Velcro, hereafter
referred to as types 1, 2, and 3. The shear stress tests were not as
repeatableas the tensile tests and are not shown here. Figures 1a—1d
depict the load-deflection relationships of the three different types
of Velcro from initial load application until complete separation. In
two of the three types, double maximums were observed, indicat-
ing the presence of more than one load-carrying mechanism that
were sequentially engaged to resist separation. The first maximum
is believed to result from resistance developed within the depth of
the Velcro thickness. Soon before separation, fibers near the surface

Table1 Velcro test peeling loads

Velcro peeling load Type 1 Type 2 Type 3
Fay, 1b (N) 1.56 (6.94) 0.95 (4.23) 1.84(8.18)
Fanalysis» 1b (N) 1.59 (7.07) 0.26 (1.16) 1.60 (7.12)
P
¢
A
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Fig. 2 Typical adhesive joint peel test.

were observed to engage and extend well beyond the original unde-
formed Velcro thickness. This second mechanism gave rise to the
second maximum, which ended the last sequence of disengagements
between elements of the Velcro microstructure.

Velcro Behavior Under Peeling

To compare with known types of bonding, adhesive joints were
thought to be the closest to Velcro joints, both in configuration as
well as in mechanics. To ensure adhesion of thin metallic layers to
dielectric substrates, the microelectronics industry has extensively
used the peel strength as an indicator of the quality of adhesive
joints. Typically, the peel strength P is determined from a peel test
(Fig. 2), wherein a thin strip is bonded to a rigid substrate and then
pulled at some angle to measure the force that causes separation at
the bond joint.

Since the first analytical investigation of the peel test by Spies,’
many other authors*~7 have contributed to the present-day under-
standing of the complex state of stress in a peel test. From these
investigations of adhesive joints, we summarize findings that are
relevant to the use of Velcro in controlled deployment of inflatable
membranes.

First, in a typical peel test, the normal stresses at the tip of the
bondinterface (Fig.2) are nearly singularand tensile,reachingabout
three times the yield stress. However, the stresses rapidly decrease
to become slightly compressive within about 7-2¢ distance from the
tip. The shear stresses there have similar singularbehavior,and both
normal and shear stresses die out quickly within a short distance of
about 8¢ from the tip.

Second, the peel strength is strongly affected by a number of
variables that relate more to the test conditions than to the actual
use conditions. Most important among these are the strip thickness
t; compliance of the substrate; and the test configuration reflected
by r, ¢, and ® in Fig. 2.

Third, when peeling is in the elastic range, it has been shown
that P approximates the energy of fracture y per unit area of the
interface. Otherwise, the peel strength is more of a measure of the
plastic deformation there than of the interfacial fracture energy.

The load deflection relationships of Figs. 1b—1d, together with
the preceding remarks, give strong indications that the mechanics
of Velcro joints is differentin several respects from adhesive joints.
This conclusion is further investigated with the aid of the peel test
configuration shown in Figs. 3a-3c, which was adapted for Velcro
applications to membrane structures. The Velcro is mounted on a
0.003-in. (76.2¢-06-m) thin Kapton® membrane strip, which is held
fixed at the right end and then wrapped around a cylindrical drum
at the left end. The drum is able to roll freely to the left as the force
F applied to its axis causes the Velcro to peel at the right interface.

There were 10 peel tests performed for each of the three Velcro
typescorrespondingto the tensiletestsof Fig. 1. The averagepeeling
load for each of the three Velcro types are summarized in the first
row of Table 1.

To understand the complex state of stress during Velcro peeling,
and to help correlate results of uniaxial Velcro separation with the
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Dimensions are in inches

Fig. 3¢ Velcro separation in a peel test.

results of the peeling tests, a nonlinearfinite elementmodel was con-
structed to simulate the testin Fig. 3. The drum was assumed to have
a linear elastic property with high rigidity. The Kapton strip with
dimensions0.751n. (0.019 m) wide and 0.003 in. (76.2e-06 m) thick
is modeled as capable of linear elasticity and large deformation. The
Velcro joint, however, was modeled by a row of nonlinear spring
elements, each capable of large deformation, as well as of a nonlin-
ear force—displacement relationship that followed the test-derived
curves of Fig. 1. As such, the force F' (Fig. 3a) is applied in small
incremental steps using modified Newton—-Raphson iterations until
separation is detected.

The forces resulting in interface separation are summarized in
the second row of Table 1 for the three Velcro types. Except for
type 2, the correlation between the analytical simulation and actual
tests is rather good. A qualitative description of the propagation of
load distributionin the Velcro at the onset and succeeding stages of
peelingis given by the three snap shots of animationin Fig. 4. Well
before separation, stresses start to build up near the tip until they
reach some maximum value. The load is then partially transferred
to the contiguous microstructure as a stress wave with two peaks,
resembling the uniaxial load-deflection curves of Fig. 1. The ability
of Velcro to redistribute the loads internally is believed to be due to
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Fig. 4 Propagation of stress waves and load redistribution during
Velcro peeling.

the presence of multiple load-resisting mechanisms. This contrasts
the behavior of adhesive joints, where nearly singular stresses are
found at the tip of adhesive joints.

Velcro Strength Criterion

Examination of results of the Velcro uniaxial tests and the peel
tests reveals that the magnitude of the maximum load for each of
the three Velcro types (Fig. 1) cannot explain by itself their ability
to carry different peeling loads (Table 1). However, the total strain
energy represented by the area under the curve (Fig. 1) seems to
be much more consistent with the trend in variations in the peeling
load. On the basis of this observation, we postulate that, under any
stress state, Velcro separation will ensue if the strain energy density
(strain energy per unit Velcro area) reaches

U'=oc"¢"+1"y" (1)
where the two terms cover both normal and shear stresses. As a
practical implementation of this criterion, one may, for example,
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replace the irregular area under the curve in Fig. 1 by a rectangular
one with ordinate o* equaling the average maximum stress, and a
corresponding value for the abscissaequaling ¢*. An alternate form
of Eq. (1) may be written as a strength criterion:

(0./07) + (0 /") < C @)

where o, and o, are the actual normal and shear stresses and o *,
t*, and C are values determined from tests on pure stress states as
in Fig. 1. The criterion of Eq. (1) or Eq. (2) is essentially the same
as the maximum total energy criterion, which has been proposed
by Beltrami and Haigh (see Ref. 8) for linear materials with well-
defined yield points. Herein, the total energy criterion is extended
to the nonlinear Velcro behavior.

Numerical Simulation of Velcro-Controlled Deployment
Finite Element Model of Velcro Surface

In this section, interactionbetween Velcro and the host membrane
inflatable structures is simulated numerically using a simple Velcro
model consistent with the finite element approach. In this model, a
two-layer Velcro is modeled by two layers of membrane elements.
Elements of the same layer share common nodes having three de-
grees of freedom only, assuming negligible bending stiffness of the
assembly. The schematicin Fig. 5 shows a typical model of Velcro-
connected membrane segment. The interlocking microstructure at
the interface is simulated by a finite number of interconnections
(or ties) at corresponding pairs of nodes on the two layers. Thus,
two nodes across the interface from each other are constrained to
move together elastically if the Velcro is interlocked at that nodal
location. The elastic constraint continues at a given pair of nodes
as long as Eq. (1) or Eq. (2) is satisfied there. Otherwise, the two
nodes are allowed to separate and move independently. This is the
Velcro-membrane interaction model to be incorporated with the
deployment analysis in the next section.

Velcro-Controlled Deployment

Velcro-controlleddeploymentof inflatables is modeled using the
finite element Velcro-membrane interaction model outlined in the
preceding section, along with the finite volume inflation approach’
In this latter approach, a cylindrical inflatable tube is simulated in
its stowed configuration by a set of interconnected finite volumes
(enclosures) formed by membrane elements (Fig. 6). The gas flow

/ /i / L
l{‘ ya W4 ¢

Velcro tie
4 /| elements

Fig. 5 Finite element idealization of Velcro-connected membrane
segment.

Fig. 6 Finite volume model of Velcro-controlled deployment of rolled
tube.

VELCRO STRENGTH = 1 E+01PSI, 10 CELLS
STEP 32 TME = 1.S0000B1E-01

<

Fig. 7b Firmly interlocked tube with 10,000-psi (6.894¢+07-Pa)
Velcro.

is discretized by allowing the finite volumes to vent to each other
through artificial orifices, whose areas are functions of the state of
inflation. In the rolled configuration of Fig. 6, 10 finite volumes are
used, each of which is defined by a much finer mesh of membrane
elements. Velcro attachment is placed on the interfacing sides of
90-deg overlapping arc segments. Initially, the Velcro is assumed
completely interlocked. As inflation progresses, the Velcro will
debond, and separation will progressively take place. This is im-
plemented in DYNA3D with the tie-break algorithm, in which the
“tie” constraining a pair of nodes i and j on the mating interfaces
will break when the normal and shear stresses o, and o, at the tie
satisfy the condition of Eq. (2).

Simulation of the Velcro-controlled deployment of the rolled
tube was performed for several cases in which the Velcro strength
(o* =1*) assumed values from 1 to 10,000 psi (6.894¢+03 to
6.894¢+07 Pa). For all cases, inflation is achieved by specifying
the same rate of gas flow as a function of time. Complete infla-
tion and Velcro separationoccurredas long as (6™ =t*) < 1000 psi
(6.894e+06 Pa). Figures 7a and 7b compare a fully inflated tube
with Velcro strengtho™ = t* = 10 psi (6.894e+04 Pa) and the same
case with o* =1*=10,000 psi (6.894e+07 Pa). The latter, with
arbitrarily high Velcro strength, remained firmly interlocked and
could not deploy fully.

Whereas it is essential to determine whether a selected type of
Velcro will deploy, it is of equal interest to the designer to assess the
rate of deployment. Clearly, the rate of deploymentis a function of
several parameters that include the Velcro strength, as well as the
geometric configuration of the inflatable componentitself. Thus, no
generalized relationship is possible. Instead, we look for sensitive
indicatorsthatcould help the analyst/designerin selectingthe Velcro
strength for a particularinflatable membrane structure. Several such
indicators are examined next.

First, as is evident from Figs. 8a and 8b, the time histories
of the inflated volume for the same two cases [0* =1* =10 psi
(6.894¢+04 Pa) and 10,000 psi (6.894e+07 Pa)] do not seem
to be sensitive to variability in the rate of deployment. Rather,
they seem to indicate merely the degree of inflation. Second, con-
sider the displacement-time history examples shown in Figs. 9a
and 9b for two corresponding interface nodes. Figure 9a is for
0" =1"=10 psi (6.894e+04 Pa), which is typical of other cases
where complete separation and deployment occurred. Figure 9b is
for o* = t* = 10,000 psi (6.894e+07 Pa), where Velcro separation
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Fig. 8a Time history of inflated volume under 10 psi (6.894¢+04 Pa).
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Fig. 8b Time history of inflated volume under 10,000-psi (6.894e+
07-Pa) Velcro.

8.11E+0 yil} ,
/N [T XDisp. At Node 181.
5.00E+0 L ;ﬁ [ gisp?,fat Node 1%_775
. 4 E i ;
3.00E+0 i | / [ j
1.00E+0 | ! PO [
L ! ; i | /
-L.OOE+O} ™ ! LU L S
300540 \\a\\\_\*_\ ;i'/’_*/—"\‘\\\\ 5{;‘///‘ u.‘\ \m J'/ /_,
-3. o \\ ’w\/ '\.t; \41 )://
-5.00E+0 | [
Y f
-7.00E+0 | 5
SSSEHOL L o s e
I G GI G G G e
R R I B I | 2
= ol o =1 (= (=} (=] ol o o
S & a & 3 & © -~ A )
=] ~— o ~ o o0 =} — — i

Fig. 9a Displacement history of two nodes tied by 10-psi (6.894e+
04-Pa) Velcro.
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Fig. 9b Displacement history of two nodes tied by 10,000-psi
(6.894¢+07-Pa) Velcro.

Table2 Rate of energy dissipation
along the interface of Velcro with
different strengths

o* =1* psi (Pa) AE;/in? (J/m?)

1 (6.894+03) 1(175.12)
5 (3.447404) 1.5 (262.68)
10 (6.894+04) 1.875 (328.35)
100 (6.894+05) 5(875.59)

1,000 (6.894+06)
10,000 (6.894+07)

25 (4,377.95)
250 (43,779.5)
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Fig. 10 Rate of energy dissipation along Velcro interface as function
of Velcro strength.

nevertook place. From this type of data, one can compute the relative
displacementbetween nodes at the Velcro interface as a direct indi-
cator of degree and rate of deployment. However, selecting which
nodes to use is not straightforward because Velcro separation can
begin at different fronts depending on the inflatable configuration.
Even for the same configuration, the Velcro with o* =t* = 1.0 psi
(6.894¢-+03 Pa) was found to separate at the leading edge of the seg-
ment, whereas the Velcro with o* = t* =10 (6.894¢+04 Pa) was
found to separate at the trailing edge. Such variability can be at-
tributed to the strong nonlinearity of the problem, both because of
inflation as well as because of Velcro nonlinearities.

As a third alternative, the time measured from initial inflation
until Velcro begins to separate may reflect the Velcro strength, but
not the rate of deployment.

Perhaps the best measure of the rate of deployment during sep-
aration is the rate of energy dissipation per unit area (A E;/area)
of the Velcro interfaces. This criterion is also consistent in spirit
with the Velcro strength criterion of Eq. (1). In Table 2, we sum-
marize numerical values of the rate of energy dissipation calculated
as an average value over the entire Velcro segment for six different
Velcro strengths. These are also graphed in Fig. 10 for cases with
low Velcro strengths suitable for membrane structures.

Conclusions

Velcro joining has been recognized as an ideal means of limiting
possibleundesirabledynamics during the deploymentof inflatables.
This motivated the present work, which shows the following: 1) In
contrast to adhesive joints, Velcro joints are highly nonlinear; they
rely on multiple mechanisms that are brought to bear sequentially
to resist separation. 2) To best capture the unique Velcro behavior,
the strain energy strength criterionis proposedto predict separation
in Velcro. When applied to Velcro separation in peeling tests, the
criterion was consistent with the trend in variations in the peeling
load. 3) Although it is essential to determine whether a selected
type of Velcro will deploy, it is of equal interest to the designer to
assess the rate of deployment. As a suitable measure for selecting
a particular Velcro strength for a particularinflatable configuration,
we propose the rate of interface energy dissipation as a sensitive
indicator of the rate of deployment.
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