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Abstract

Parachute suspension lines can develop vortex-induced vibrations while in flight, degrading the flight performance
and creating noise. To understand the braid design factors associated with this vibration, the mechanical behavior of
the braided parachute suspension line can be investigated using a fluid-structure interaction (FSI) analysis. Such an
FSI analysis requires a well characterized macroscopic model of the axial, bending and torsional stiffnesses of the
line. In the current study, a novel model using a combination of truss elements embedded in solid elements for
capturing the asymmetric axial tension-compression stiffness of a tow as well as the lateral compression is presented.
Tensile and transverse compression experiments were performed on the individual tows to characterize the axial and
transverse stiffnesses to be used with the finite element model. Finite element models of the tow material
characterization tests were compared with experimental data to calibrate the material model parameters and to
validate the modeling approach. The mesoscale of a suspension line was resolved under zero load using X-ray
computed tomography and data were used as the baseline image to generate a finite element model of a representative
unit cell of the line. The Virtual Textile Morphology Suite (VIMS) and LS-PrePost® were used to obtain the geometry
and mesh, respectively. The feasibility to use the novel modeling approach for capturing the mechanical behavior of
the braid is demonstrated.

Introduction

Parachute suspension lines are used by the U.S. army to deliver supplies to personnel in the field
[1]. When these parachutes are in flight, the suspension lines experience vibrations which create
noise that can be heard for several kilometers. The vibrations of the lines also impede the ability
of GPS-guided parachutes to land directly on target. It is believed that this vibration is a
consequence of vortex-induced vibration. Vortex-induced vibration occurs when a bluff body is
subjected to a cross-flow of air. The air touches the front boundary of the object and as the air
approaches the back boundary of the object it separates resulting in the shedding of periodic air
vortices. Vortex shedding induces fluctuating drag and lift forces on the object causing it to vibrate.

Recent studies on the vortex-induced vibration of parachute suspension lines have shown that a
parachute suspension line has three distinct modes of vibration while in flight: a bending mode, a
torsional mode, and a combination of the first two. Also, researchers found that the resulting
frequency and amplitude were a function of the state of axial tension on the line and Reynolds
number condition [2-9]. The findings from these studies revealed that the vibrational response of
the line can be changed by controlling how the effective mechanical behavior of the line (bending
stiffness and torsional stiffness) changes with axial tension.
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Parachute suspension lines are made by braiding. The tows are initially braided in a circular
pattern thereby creating a tube-like shape. The suspension line is then compressed between rollers
and the circular shape becomes more of a rounded rectangular shape (Fig.1). The process results
in a complex structure where the macroscopic mechanical behavior and the surface topology
change as a function of the state of axial tension.

Figure 1: 16 tow suspension line:
(a.) side view and (b.) front view.

A suspension line is a textile structure, and textile structures have a hierarchal form. For the
suspension line that is being evaluated on the smallest level, there are fibers and a group of fibers
create a tow and some specified number of these tows are braided together to create a braided
suspension line. Because of this hierarchy, the modeling of textile structures can have three
different levels of approach: (1) macromechanical modeling (a macroscopic model of the braided
line), (2) mesomechanical modeling (modeling to the level of the tows in the braided line) and
(3) micromechanical modeling (modeling down to the level of the fibers comprising the tows).
These different modeling levels are presented in Fig. 2. These three diffent levels of modeling
(macro, meso, micro) all have advantages as well as disadvantages. When modeling a textile on
the macro scale the controbutions of the fibers and the tows are condensed into a single solid part.
Modeling this way eliminates the need for contact interactions of the tows and fibers making it
computationally efficient, however, because the mechanical behavior is simplified into one part
the detail of how the geometery changes with different loading conditions is not captured. The
meso scale modeling approach models the textile down to the tow level. While this level of
modeling is able to capture the tow-to-tow interaction and the change in geometery with a change
in load the added complexity of the contact interaction between tows makes this type of modeling
computationally intensive. Finally modeling at the micro scale captures the full detail of the textile
structure with both fiber-to-fiber and tow-to-tow interactions. However this method is very
computationaly intesive with all the contact that goes into this modeling. To compromise with
geometery defininition and computational time the suspension line will be modeled at the meso-
level.
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Figure 2: Levels of finite element modeling of textiles.

This paper presents the investigation of a mesomechanical finite element model of a braided 16-
tow ultra high molecular weight polyethylene parachute suspension line. The mechanical
properties for the finite element model of the tows that comprise the braid are found through an
experimental characterization of individual tows. A novel approach of using solid elements with
embedded trusses is used to model the orthotropic mechanical behavior and the asymmetric
tension-compression axial stiffness of the tows. X-ray computed tomography (CT) data of the
suspension line are used to get a baseline geometry for the braided line. The tows of this baseline
braid are modeled using the proposed novel model. The credibility of the modeling approach is
demonstrated for replicating the characterization tests of the individual tows and lateral
compression and axial loadings of the braid.

Methods

Experimental and numerical methods were used to assist in the building of a finite element model
of the parachute suspension line. Experimental methods were used to characterize the material
properties of the individual tows of the suspension line, specifically the axial and transverse
stiffnesses to be used in the finite element model. The suspension line itself was also characterized
experimentally to be compared with the model for validation purposes. Numerical methods were
used to create the finite element model of the parachute suspension line from CT-scan data and to
simulate the experimental characterization tests.

Experimental Characterization

To explore if there was any difference in the effective stiffness as a function of material history,
both “fresh off the spool”, i.e. virgin, and previously in-braid tows were characterized. The axial
elastic modulus was determined from the load-displacement response of pulling a tow in a
Universal Testing Machine (Fig. 3). A gage length of 20 in. (0.51 m) was previously determined
to be the optimal length for such testing [10]. The ends of the tows were super glued to square
pieces of paper to increase the surface area in the pressurized clamps to mitigate slipping (Fig. 3).
The crosshead speed that was used was 10 in/min (0.00423 m/s). The transverse compressive
stiffness was determined through crush tests of bundles of fibers (Fig. 4). Groups of tows pulled
from a virgin fiber roll and from a braid were grouped and tied to two 100-g weights. The weights
kept the fibers together and comingled. A preload of 0.3 lbs (1.33 N) was put on the fiber bundle
to maintain the initial gage length among the compression tests. The crosshead speed was set to
0.02 in/min.
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Figure 4: Compression tests of tow bundles.

Transverse compression tests were also performed on the braided suspension line using the same
experimental setup as was used with the testing of the tows. A braid was placed on the test fixture
and a preload of 0.3 lbs (1.33 N) was applied. The crosshead speed was set to 0.02 in/min.

Modeling Methods

The braid that is being modeled consists of 16 tow bundles of ultra-high molecular weight
polyethylene fibers. Modeling the structure down to the tow level will provide the ability to capture
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the contact interaction between the tows and how the surface geometry, bending and torsional
stiffness change as a function of load condition.

Before a robust finite element model of the tow can be built, it is important that the model of the
tows is able to capture the complex mechanical behavior of the tows. The tows exhibit anisotropic
behavior where they have a very high axial tensile stiffness in comparison to their transverse
compressive stiffness. The bending and compressive axial stiffnesses of an individual tow are very
low (almost zero) in comparison to their axial tensile stiffness. Simple single tow models were
created to see if it was possible to capture these differing behaviors as a function of the load
direction, i.e. axial tension, lateral compression and axial compression. The axial compression
evaluates the bending stiffness through the resulting buckling response.

A cylinder of solid elements was created in LS-PrePost to be representative of a single “straight”
tow. To capture both the relatively high tensile stiffness in comparison to the low transverse
compressive stiffness, “stiff” truss elements were embedded in “soft” solid elements. The trusses
were chosen to incorporate the “high” axial tensile stiffness while the solid elements were chosen
to incorporate the soft transverse compressive stiffness of the tows. The truss elements were made
from the existing nodes that ran through the center of the cylinder made of solid elements (Fig. 5).
The *MAT ELASTIC (isotropic, linear elastic) material model was used for both the truss and
the solid elements, the difference being the Young’s modulus that was prescribed to each element
type. The axial stiffness as determined from the experimental characterization tests of the tow was
prescribed to the truss elements, and the transverse compressive stiffness obtained from
experimental tests was assigned to the solid elements.
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Figure 5: Finite element model of a single tow: (a.) Cylinder of solid elements
and (b.) Truss elements running through the center of the cylinder.

When looking at the bending stiffness of an individual tow it can be seen without any experimental
evaluation that the bending stiffness is extremely low. A single tow could be held in the air and
even slight airflow over it results in a significant bend in the tow. This observation led to the
conclusion that the bending stiffness should be treated as essentially zero in comparison to the
axial stiffness. This essentially zero stiffness is accomplished through the combination of the low
stiffness of the solid elements in combination with the “pin joints” connecting the chain of truss
elements. To investigate that the model exhibited this very low bending stiffness, two Euler
buckling conditions were studied with the cylinder model: pinned-pinned and clamped-clamped.
The purpose was to see how much load it would take to get the model to buckle (low load would
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indicate low bending stiffness) and if it followed the Euler buckling theory (the clamped-clamped
condition should be 4 times higher than the pinned-pinned condition). Boundary conditions were
prescribed to the model and a displacement was prescribed at the “free” end (Fig. 6). The models
were analyzed using LS-DYNA’s implicit solver.

a.
_5
b.

Figure 6: Buckling models of single tow: (a.) Pinned-pinned condition
and (b.) Clamped-clamped condition.

To test if this method of modeling the tow was able to capture the axial stiffness, a tensile test was
run on the cylinder. The cylinder was clamped on one end while a tensile displacement was
prescribed to the other end using *“BOUNDARY PRESCRIBED MOTION_SET.

To evaluate the compressive stiffness of the tow, a single tow was taken from the braid model that
was created (creation of braid model described in next paragraph). The tow was taken from the
braid model to incorporate the kinks and inconsistences of the initial state of the fiber bundles that
were tested in compression. Four plates enclosed the tow so that it was free to move around but
would not fly away as it was being crushed. Three of the plates were rigid except the top plate
which was isotropic elastic. The top plate was isotropic elastic because it needed to be able to
measure the reaction force from the tow during post-processing. The top plate had boundary
conditions on it that would prevent the plate from deforming and that it could only move in the y-
direction. All of the plates were fixed except the top plate that was prescribed a displacement in
the negative y-direction. The back of the tow had rollers applied to it so it could not move in the
x-direction. *CONTACT_SURFACE TO SURFACE was prescribed between the tow and the
plates. Figure 7 illustrates this configuration.
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Figure 7: Compression of a single tow model.

The braid model was created using CT-scan data (Fig. 8) collected at the X-ray beamline 8.3.2 of
Advanced Light Source at Lawrence Berkely National Laboratory. Imaging was performed at 25
ke V X-ray energy and 200 ms exposure, with the optical system described in [11], to achieve a
spacial discretization 3.3 um/pixel. The CT-Scan data of the braid under no load (ON) was used to
define the initial geometry of the model. A Matlab code was used to perform image analysis on
the CT-scan to identify and to assign coordinates to the individual fibers. The Matlab code is able
to use these coordinates to write an input file for the Virtual Textile Morphology Suite (VIMS)
software where the CT-scan data is then interpreted as a micro-scale model (Fig. 9). VTMS was
developed at the Air Force Research Lab in Dayton, OH for the building of textile geometries on
the micro, meso and macro scales. VIMS can take this model at the micro-scale and turn it into a
meso-scale model (Fig. 10). This meso-scale model is a solid geometry that is meshed in the Gmsh
and HyperMesh programs and imported into LS-PrePost for pre- and post-processing. The overall
process is depicted in Figure 11.

Faruslls - HI Revreml ructasn

Figure 8: CT-scans of a parachute suspension line under various tensions.

June 10-11, 2020 7



16" International LS-DYNA® Users Conference Modeling

Figure 9: VITMS interpreted geometry of a suspension line from CT-scan data at no load.
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Figure 10: Tow meshing from a fiberized relaxed tow geometry.
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Figure 11: Overall process to obtain a mesoscale finite element model of the braid from
CT-scan data.

CT-5can

Lastly the braid model was put through a transverse compressive test. Like the single tow setup
version of this test, four plates enclosed the braid, and the top plate was prescribed a negative y-
displacement. The back of the braid had rollers on it so it could not move in the z-direction. The
*CONTACT _SURFACE TO_SURFACE was prescribed among the 16 tows and the plates. The
boundary conditions and model setup are presented in Figure 12.
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Figure 12: Compression test set-up of braid model

Results and Discussion

Tensile tests were preformed on a virgin fiber tow and a tow that was pulled out of a braid. Each
test was run for five samples, and the results were averaged. Stress-strain curves were obtained,
and the slope was calculated to obtain the axial modulus of a tow (Fig. 13). The modulus is around
78 GPa, and that was applied to the truss part of the tow model. The model was pulled in tension
to repilcate the tensile tests, and stress-strain data was obtained (Fig. 13). As can be seen in Fig.
13, the model correlates well with experimental tensile tests. These results show that the model is
able to represent the tow’s axial stiffness.
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Figure 13: Stress-stain curves of experimental tensile tests compared with the tow model.

Compression tests were run on the tows to evaluate their transverse compressive stiffness. Tests
were run on tows pulled from a spool of virgin fiber and a tows pulled from a braided suspension
line. Stress-strain curves were obtained for both cases (Fig. 14). To get the elastic transverse
compressive modulus from these curves, the linear ends of the curves were taken. The beginning
parts of the curves are believed to be the part in the tests where the fibers are reorganizing and
nesting into their final position where the transverse stiffness becomes linear and the elastic
modulus can be calculated. The modulus that was obtained was about 1.93 MPa, and this value
was applied to the solid elements of the tow model. The model of a single tow pulled from a braid
was analyzed using LS-DYNA in compression and the stress-strain curve was obtained (Fig. 14).
The graph shows that the model corelates well with the experimental data.
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Figure 14: Stress-strain curves of compression tests of tows compared with tow model.

To evaluate the bending behavior of the model of a single tow, two Euler buckling conditions were
investigated, i.e. pinned-pinned and clamped-clamped. The models were run in LS-DYNA
implicit, and the resulting deformed shapes are given in Fig. 15. A graph of the load-displacement
curves (Fig. 16) of the two models show that the load in both cases hits a peak and then drops
when the structure buckles. From this graph, it can be concluded that the model follows the Euler
buckling theory. The peak load, i.e. critical buckling load, for the pinned-pinned condition is
0.00281 N, and the peak load for the clamped-clamped condition is 0.00995 N which is about 4
times higher and is what Euler buckling theory states. These two models are also able show that
modeling the tow this way can capture the very low bending behavior of the actual tow. The
physical tow has a bending stiffness of almost zero, and the graph shows that the model has that
low value as well because it takes very little load to get the model to buckle and significantly
displace.

Figure 15: Deformation of tow buckling models (a.) Pinned-pinned (b.) Clamped-clamped.
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Figure 16: Load displacement curves of tow buckling models

The complete braid was compressed transversely to obtain experimental stress-strain data to be
compared to the full braid model for validation purposes. Three compression tests of the braid
were run to get the stress-strain data (Fig. 17). The braid model was run using the LS-DYNA
implicit solver, and stress-strain data was analyzed (Fig. 17). The graph shows that the model of
the braid can replicate the behavior of the full braid by using the axial and transverse elastic moduli

as determined from the testing of the tows.
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Figure 17: Stress-strain curves of the compression of the braid compared with the
compression model of the braid.
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The results show that the tows being modeled in this way are able to accurately depict the
mechanical behavior of the physical tow under three different loading conditions. The full braid
model made up of 16 of these tow models is also able to accurately capture the macroscopic
transverse compression behavior of the physical braid.

Conclusions

This paper presented the investigation of a mesomechanical finite element model of a braided 16-
tow ultra-high molecular weight polyethylene parachute suspension line. A novel approach of
using solid elements with embedded trusses was used to model the orthotropic mechanical
behavior and the asymmetric tension-compression axial stiffness of the tows. The mechanical
properties of the tows were found through an experimental characterization of individual tows.
Validation models that were run in LS-DYNA showed the ability of the truss elements embedded
in the solid elements to correlate to the characterization tests and to predict the compressive load
required to induce buckling. CT-scan data of the suspension line were used to get a baseline
geometry for the braided line. The feasibility of using the mesomechanical model to capture the
axial tensile and lateral compressive responses of the braid were explored.
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