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Abstract: Parachute suspension lines shed vortices during descent, and these vortices develop 
oscillating aerodynamic forces that can induce forced parasitic vibrations of the lines that have an 
adverse impact on the parachute system. Understanding the line’s mechanical behavior can assist in 
comprehending the vibrations that are experienced by the suspension lines. A well calibrated 
structural model of the suspension line could be used to help identify how the braid’s architecture 
contributes to its mechanical behavior and to explore if and how a suspension line can be designed 
to mitigate these parasitic vibrations. In the current study, a mesomechanical finite element model of 
a polyester braided parachute suspension line was constructed. The line geometry was built in the 
Virtual Textile Morphology Suite (VTMS), and a user material model (UMAT) was implemented in 
LS-DYNA® release 14 to describe the material behavior of the individual tows. The results of the 
experimental tension tests that were performed on the individual tows of the braid served as a 
starting point to calibrate the material properties to achieve good correlation between the 
mesomechanical model and the experimental tension tests of the physical suspension line. The 
calibrated model of the braided cord was then twisted in torsion, and the model was found to show 
good correlation with dynamic and static experimental torsion test data. The availability of virtual 
models of suspension lines can ultimately assist in the design of suspension lines that mitigate flow-
induced vibration. 

Keywords: braid; finite element; parachute; suspension line; textile; tows; yarns  
 

1. Introduction 

GPS-guided parachutes are used by the military to deliver supplies to personnel in the field. A 
canopy, braided polyester suspension lines, and a payload make up these GPS-equipped systems [1]. 
During descent, the suspension lines vibrate, and these vibrations degrade the flight performance of 
the parachute system and can challenge the ability of the system to land on target. The mechanical 
behavior of the braided suspension line contributes to this vibration. Braided cords, such as parachute 
suspension lines, are textile structures, and textile structures have a hierarchal form. For the braid, 
the smallest level is the fiber. A bundle of straight fibers creates a tow, and the tows are then 
intertwined to create a braided cord or twisted rope. This multi-level architecture dictates the 
mechanical behavior of the suspension line. A fundamental understanding of the association between 
the braid design and the resulting mechanical behavior of these braided cords could provide insight 
for changes in braid architecture to mitigate these vibrations. 
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There have been a few studies on braided and twisted chords that experimentally investigate 
how the chord architecture contributes to its mechanical behavior. Omeroglu [2] investigated the 
effects of braid pattern and take-up rate (which controls the braid angle) on the mechanical properties 
of tubular braided polypropylene rope. That investigation showed that a braid with an “over two 
under two” pattern, low braid angle and pick count (number of tows rotating in one direction for one 
cycle divided by the cycle length) had the highest values for maximum tenacity (load/linear density) 
and modulus. Raoof et al. [3] looked at the bending stiffness of individual spiral strands that create a 
twisted rope. The strand bending stiffness was tested through two loading runs, and it was found to 
be altered between the two runs. An increase in the bending stiffness was observed between the first 
and second loading runs, and nesting (i.e., when the tows are fully settled and locked into position) 
was given as the explanation for this increase in stiffness. Chiang [4] focused on characterization of 
wire cables under axial loading. The Chiang study considered six design factors, i.e. the radius of the 
core wire, the radius of helical wires, the helical angle, the boundary conditions (the way the wire is 
constrained at the loaded end), the strand length and the contact condition between the core wire and 
helical wires. Chiang found that the biggest influences on the axial stiffness of the structure were the 
boundary conditions and the helical angle of the rope. The free rotation at the loaded end or a large 
helical angle significantly reduced the axial stiffness. Hussain et al. [5] characterized the torsional 
properties of low-stiffness resilience shaft (LSRS) wire ropes used for steering applications for 
automobiles. Static structure torsion tests were performed where torque was applied both clockwise 
and counterclockwise to measure the change in angle and obtain the stiffness. Overall, this study 
found that the torsional stiffness of the system increased as the wire rope length decreased. This 
relationship between length and torsional stiffness is analogous to the relationship between length 
and torsional stiffness of a solid circular rod.  

Each of these past experimental studies showed that the effective axial, torsional and bending 
stiffnesses are a result of a combination of factors, e.g. diameter of the tows, overall free length, 
braid/twist angle, and axial tension. A robust model of the braided cord or of the twisted rope or 
cable could be used to examine the respective contribution of each of these factors on the effective 
stiffness. Such a fundamental understanding of the relative importance of each factor could then be 
used to guide in the design of the architecture to achieve a desired mechanical behavior. 

When creating a model of a textile rope there are a few different ways to approach it. The 
mechanical behavior of a rope can be modeled at three different levels of fidelity, i.e. a 
macromechanical model, a mesomechanical model, and a micromechanical model. Each of these 
approaches has been used to study the mechanical behaviors of braided and woven textiles because 
of their hierarchal structure (fiber; tow/yarn; and braid, twisted or woven textile). Macromechanical 
modeling focuses on the part as a whole. In the macromechanical modeling approach, a solid part is 
created to represent the textile, and the material properties are tuned to match experimental tests. 
This simplification of the textile can give the general behavior of the structure, making it a favorable 
modeling option for studies that focus on the overall behavior of textiles due to its low computational 
costs [6–11]. Mesomechanical modeling explicitly models the tows or yarns as a homogenous 
continuum. The appropriate material model must be applied to the tows/yarns to be able to capture 
the fiber behavior and the tow-to-tow interaction. This technique is popular as it delves into the 
textiles architecture more explicitly then the macromechanical approach, therefore several works 
have used it [12–22]. Lastly, micromechanical modeling is the most descriptive and most accurate 
representation of a textile structure because it models the fiber on the smallest level. For this type of 
modeling, the material properties of the fiber can be applied to the individually modeled fibers and 
contacts between the fibers and the tows can be added. This technique provides an understanding of 
the textile mechanics at its different levels of architecture resulting in a few studies that have used it 
[23–26]. This multi-level modeling approach has been applied to ropes, as evidenced by the few meso- 
and microscale models of twisted and braided ropes [27–32].  

Xiang et al. [27] created a model of a multistrand wire rope to characterize its response to axial 
tension and torsion. They modeled each of the wires that were twisted together to make strands 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2025 doi:10.20944/preprints202502.2145.v1

https://doi.org/10.20944/preprints202502.2145.v1


 3 of 20 

 

which were then twisted around a core strand to create a wire rope. The model specifically considered 
local bending and torsional deformation of each wire. The axial and torsional stiffnesses of the rope 
were able to be predicted by the model. The model also found that the different friction states between 
the wires lead to different distributions of local bending and torsion deformation of the double helix 
wire. Zhang et al. [28] used a finite element model to investigate the bending stiffness of twisted wire 
ropes. The model considered the effects of the tension level, the friction coefficient between tows, and 
the contact types and how they affected the bending stiffness. Bending moments were applied about 
the ends of the rope while axial tension was applied. They found that the bending stiffness increased 
as the tension and friction increased and as the curvature decreased. While these studies focused on 
multi-level modeling of ropes to understand the behavior of their components and how they affect 
the overall mechanical behavior of the rope, they do not discuss the multilevel modeling of polyester 
fiber braided ropes. This is crucial because polyester fiber braided ropes can exhibit very different 
behavior, and understanding this is essential for understanding the behavior of parachute suspension 
lines. 

Ghoreishi et al. [29] investigated a twisted synthetic fiber rope used for offshore applications. 
For this finite element model, the constitutive material behavior was assumed to be non-linear elastic, 
and the fiber-to-fiber friction was not considered. The results showed good agreement with models 
in literature of a 205 T aramid cable; however, the torsional stiffness prediction of the model was 
different from literature. Ghoreishi et al. also performed tension tests on aramid fiber assemblies with 
two structures, and the axial stiffness was obtained. These experimental tests showed good 
correlation with the model. This model is slightly closer to what is needed to understand the behavior 
of parachute suspension lines as it is a multilevel model of a polymer rope, however the suspension 
lines are braided not twisted and as has been shown both the material and the architecture affect the 
overall behavior of the rope. 

Vu et al. [30] looked into creating a model of braided fiber ropes used for deep sea handling 
systems. Their model considered the textile yarns at the lowest level, i.e. fibers twisted into yarns 
which are then braided into a rope. The goal was to determine the mechanical equilibrium of the 
braided rope structure focusing on the yarn-to-yarn contact friction interaction. The geometrical 
features of the model compared well with the dimensions on the real sample. Good agreement was 
found between the simulation and experimental tests for a rope in tension. While this model is a 
multi-level model of a braided polymer rope its more focused on a rope used for marine applications 
which has a different architecture and different polymer fibers than a parachute suspension line. This 
emphasizes the need for a mesomechanical model of a parachute suspension line to understand the 
relationship between its architecture and overall mechanical behavior. 

All of these modeling studies demonstrate the value of simulation to assist in understanding the 
relationship between rope architecture and the mechanical behavior of the rope; however, no 
modeling studies have been conducted to investigate the tensile and torsional stiffness properties of 
braided parachute suspension lines. 

The current research addresses the void of modeling studies of parachute suspension lines by 
developing a calibrated finite element model of a braided parachute suspension line at the 
mesoscopic level, i.e. the level of the tows. The novelties of the research are the inclusion of the 
manufacturing steps in the development of the braid geometry and the development of a user-
defined material model for the tows. The geometry of the braid is created using the Virtual Textile 
Morphology Suite (VTMS) and it was analyzed in LS-DYNA. The model was pulled in tension and 
compared to experimental tension tests for validation purposes. The model was then further 
validated by subjecting it to torsion under tension and comparing it to experimental torsion tests. The 
model results were found to compare well to experimental tension and torsion data.  The current 
research contributes to the ultimate goal to have a modeling approach that can be used to predict the 
macroscopic tensile and torsional stiffnesses of multiple designs of a braided parachute suspension 
line and the associated change in surface topology as a function of the state of axial loading.  
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2. Materials and Methods 

2.1. Material System 

The cord selected for this study was a 24-tow Dacron 1000-lb (spec breaking strength) 
suspension line (PIA C 2754 Type II) (Error! Reference source not found.). The tows were braided in 
an “over two under two” fashion creating a tubular braided structure. After braiding, the tubular 
cord was flattened between rollers (Error! Reference source not found.b) to develop a “rounded 
rectangle” shape, i.e. rectangle with rounded ends (Error! Reference source not found.c), and wound 
onto a spool. The specifications of the 24-tow Dacron 1000-lb braided cord are presented in Error! 
Reference source not found. [33]. 

 
 

Figure 1. Suspension line: (a) Front view (b) Side view and (c) Cross-section (rounded rectangle) of the 
suspension line. (CT-Scan Image by Aya Takase from Rigaku Corporation). 

 
(a) (b) 

Figure 2. Suspension line manufacturing: (a) Braiding of the 24 tows and. (b) Subsequent flattening between 
two rollers before being wound onto a spool. 

Table 1. Specifications of the Dacron suspension line. 

Characteristic PIA C 2754 Type II 

Number of carriers 24 

Ends per carrier 3 

Total ends 72 

Basic yarn denier 1100 

Yarn ply Single 

Picks per inch 10-12 

Length per pound, feet (minimum) 120 

(a) (b (c) 
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Breaking strength, pounds (minimum) 1000 

Elongation percent (at 75% of the 

specified breaking strength) 

Minimum 7 

Maximum 11 

2.2. Single-tow Tension Tests 

The tensile behaviors of individual tows were characterized to find the axial modulus. The axial 
elastic modulus was determined from the load-displacement response of pulling a tow in a Universal 
Testing Machine (Error! Reference source not found.). A 0.508-m (20-in) gauge length was used to 
mitigate the effects of the boundary conditions. The crosshead speed was 25.4 cm/min (10 in/min) 
(strain rate: 0.008/s). To prevent slipping of the specimen in the pressurized clamps, the ends of the 
tows were adhered to square paper tabs to increase the surface area in the clamps (Error! Reference 
source not found.). The load-displacement was recorded and converted to stress-strain. The cross-
sectional area was calculated for each specimen by measuring the width and height at the end of the 
tow, where the fibers were securely glued together, ensuring minimal movement and facilitating 
precise measurements with calipers. The area was calculated for each and averaged to approximately 
9E-7 m2. 

 

Figure 3. Dacron tow clamped into tensile testing machine. 

2.3. Braid Geometry: Dimensions and Features 

The geometric features such as the tow area, braid diameter, and braid angle of the suspension 
line were quantified. A digital microscope (USB 1000X) was used to capture five images of five tows 
encased in resin to freeze the movement of the fibers for the measuring process, and diameters were 
measured using ImageJ [34]. Five images were also taken of the braid, and five angles of the braided 
fiber tows were measured in five different areas of the images (Error! Reference source not found.). 
All angles were measured using ImageJ.  
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Figure 4. Close-up view of Dacron braid used to measure braid angle (highlighted in red). 

As noted in Section 2.1, the suspension line is first produced as a braided circular cord and then 
flattened between two rollers. The cross section of the flattened line can be described as a rounded 
rectangle (Error! Reference source not found.c). Assuming the rolling process does not change the 
length of the perimeter of the cord as it is morphed from a circle to the rounded rectangle, then the 
initial diameter of the cord can be back-calculated from the perimeter of the flattened suspension line. 
The width and height were carefully measured using calipers, and the perimeter of the rounded 
rectangle was calculated. The perimeter was then divided by π to obtain the effective circular braid 
outer diameter.  

2.4. Braid Geometry: Modeling 

The Virtual Textile Morphology Suite (VTMS) was used to build the geometry of the circular 
braided cord. VTMS [26] is a software to build CAD models of textile structures which can then be 
used to create a finite element mesh. VTMS was developed and is maintained by the Air Force 
Research Laboratory (Wright-Patterson AFB; Fairborn, OH) and the University of Dayton Research 
Institute (Dayton, OH).   

The braided cord model was developed in VTMS, beginning with the creation of a tubular 
biaxial braid for a 24-tow Dacron 1000-lb suspension line (PIA C 2754 Type II). A braid with a length 
of three unit cells (tow path pattern repetition) was initially built so that one unit cell could be cut 
from the center, ensuring that the ends were flat for application of boundary conditions. Design 
inputs like the 2x2 braid pattern, tow diameter, and braid angle were used. Because VTMS assumes 
the tows are perfect circles, this assumption led to significant penetrations between the tows. These 
penetrations were addressed by reducing the input tow diameter and slightly increasing the input 
braid diameter, resulting in reduced penetrations. 

The braid was then flattened using the VTMS Relaxation module, where two plates compressed 
the braid to simulate the real-world deformation that occurs during the manufacturing process, i.e. 
the braid being flattened between rollers. Further penetrations were reduced, and the tows were 
fiberized (the homogenized solid tow was broken up into a specified amount of smaller circles to 
represent fibers that make up a tow) to reflect their actual as-manufactured shapes (i.e. the cross 
sectional area of each tow can deform). The fiberized geometry was captured and converted back to 
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the meso-scale, and the center section of this three-unit-cell length was taken to obtain one unit cell. 
This geometry creation process can be seen in Error! Reference source not found.. The model was 
meshed in Altair HyperMesh and transferred to LS-PrePost. 

 

Figure 5. Braid geometry creation process. 

Finally, the model’s cross-section had to be scaled in both the x and y directions because the 
adjustments made in VTMS to avoid penetration issues resulted in a slightly larger cross-section than 
the actual suspension line. To match the real braid dimensions (height of 1.9 mm and base of 5.6 mm), 
the cross-section was scaled. This adjustment also required modifying the braid length to maintain 
the correct braid angle (~56°), ensuring an accurate representation of the physical braid. The meshed 
braid and cross-section adjustment and its comparison to the real-life braid cross-section can be seen 
in Error! Reference source not found..  The model cross section compares well to that of the actual 
braid cross-section. 

 

Figure 6. Meshed Braid Geometry and Cross-section Adjustment: (a) Isometric view of meshed geometry from 
VTMS (b) Top view of meshed geometry from VTMS (c) Top view of scaled cross-section, and (d) CT-Scan of 

cross-section of suspension line for comparison. 

2.5. Material Model 

The constitutive behavior of a tow in the braid was assumed to be transversely isotropic as a 
result of the bundles of fibers exhibiting distinctly different axial and transverse behaviors. This 
constitutive behavior was incorporated into LS-DYNA® release 14 as a user-defined material model 
(UMAT). Under the solid element section of the UMAT, equations to calculate the state of stress were 
inserted based on the stiffness matrix of a transversely isotropic material (Equation 1).  In this 
formulation, E1 and E2 are the Young’s moduli in the 1 and 2 directions, G12 and G2 are the shear 
moduli in the 1-2 plane and the 2-3 plane, respectively, σij is the stress in the ij-direction, εij is the strain 
in the ij-direction, and ν12, ν21, ν2 are the Poisson ratios in the 1-2, 2-1 and 2-3 planes. 

(a) (b) (c) (d) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2025 doi:10.20944/preprints202502.2145.v1

https://doi.org/10.20944/preprints202502.2145.v1


 8 of 20 

 

⎣⎢⎢
⎢⎢⎡
𝜎ଵଵ𝜎ଶଶ𝜎ଷଷ𝜎ଵଶ𝜎ଶଷ𝜎ଷଵ⎦⎥⎥

⎥⎥⎤ =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡ 1 െ ሺ𝑣ଶሻଶሺ𝐸ଶሻଶ∆ 𝑣ଶଵ ൅ 𝑣ଶ𝑣ଶଵሺ𝐸ଶሻଶ∆ 𝑣ଶଵሺ1 ൅ 𝑣ଶሻሺ𝐸ଶሻଶ∆ 0 0 0𝑣ଵଶ ൅ 𝑣ଶ𝑣ଵଶ𝐸ଶ𝐸ଵ∆ 1 െ 𝑣ଶଵ𝑣ଵଶ𝐸ଶ𝐸ଵ∆ 𝑣ଶ ൅ 𝑣ଵଶ𝑣ଶଵ𝐸ଶ𝐸ଵ∆ 0 0 0𝑣ଵଶ ൅ 𝑣ଵଶ𝑣ଶ𝐸ଵ𝐸ଶ∆ 𝑣ଶ ൅ 𝑣ଶଵ𝑣ଵଶ𝐸ଵ𝐸ଶ∆ 1 െ 𝑣ଵଶ𝑣ଶଵ𝐸ଵ𝐸ଶ∆ 0 0 00 0 0 2𝐺ଵଶ 0 00 0 0 0 2𝐺ଶ 00 0 0 0 0 2𝐺ଵଶ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎤

⎣⎢⎢
⎢⎢⎡
𝜀ଵଵ𝜀ଶଶ𝜀ଷଷ𝜀ଵଶ𝜀ଶଷ𝜀ଷଵ⎦⎥⎥

⎥⎥⎤  (1) 

where  ∆= ሺଵା௩మሻሺଵି௩మିଶ௩మభ௩భమሻሺாమሻమாభ  

For this material model, the 1-direction corresponds to the axial direction of the tow and the 2 
and 3-directions correspond to the transverse directions of the tow. Because it is difficult for a bundle 
of fibers to support a compressive load in the axial direction, a criterion was included to specify that 
the stress at an integration point in the 1-direction was prescribed to be zero when there was a 
negative strain detected in the 1-direction (Equation 2). The material direction 1 was prescribed for 
each element by using a curve of the centerline of each of the tows (Error! Reference source not 
found.a)                           𝑖𝑓 𝜀ଵଵ ൏ 0 𝑡ℎ𝑒𝑛 𝜎ଵଵ = 0  (2) 

 

 

  
(a) (b) (c) 

Figure 7. Braid meso-scale model details, loading and boundary conditions. (a) Prescribing the local material 
directions for each element in a tow (red arrows signify the 1-direction (axial direction), green arrows signify 

the 2 or 3 direction). (b) Boundary conditions of the model to represent experimental tension tests. (c) 
Boundary conditions of the combined tension torsion model. 

The material properties E1, E2, G12, G2, ν12, ν21 and ν2 were derived from experimental test data. 
The modulus E1 was found using the experimental single-tow tension tests that were described in 
Section 2.2. The values of E2, G12, G2, ν12, ν21, and ν2 were all back-calculated from the testing of the 
full braid with the objective to have a set of material properties that gave a mesoscale finite element 
model which correlated well with experimental tensile tests of the full braid. The experimental 
program used to find these material properties is presented in Barry et al.[35].   

2.6. Single-Tow Model 

To verify that the material model represented the behavior of a single tow, a solid cylinder was 
created with a length of 34 mm and a cross section comparable to a tow pulled from the braided 
suspension line. The tow was fixed on one end, and an axial displacement of 2.38 mm was prescribed 
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in the 1-direction. The load vs. displacement was tracked and converted to stress-strain to compare 
with experimental single-tow tension tests. 

2.7. Model of the Tensile Test of the Full Braid 

The finite element model of the representative unit cell of the full braid subjected to uniaxial 
tension is shown in (Error! Reference source not found.b). Contact was defined such that each tow 
could interact with the other 23 tows of the 24-tow braid – resulting in 276 contact definitions (this is 
a common combinations problem, taking 24 parts and obtaining all of their different combinations of 
pairings). The contact definitions used the *CONTACT_SURFACE_TO_SURFACE keyword which 
uses a penalty-based contact method. To simulate a tensile test of the suspension line, the bottom of 
the braid was completely fixed, and a displacement was prescribed to the top (the nodes on top were 
restricted to only move in the z-direction). The model was run using the implicit solver, and the load-
displacement was tracked. Results from the model were compared with tensile tests of the suspension 
line as presented by Barry et al. [35]. The finite element model's braid geometry did not exactly 
replicate the fully nested physical configuration of the cord (i.e., when the tows are fully settled and 
locked into position) because adjustments were necessary in the model geometry to reduce tow-to-
tow penetration (Section 2.4). Therefore, it was hypothesized that slight adjustments to the material 
behavior of the tow within the braid configuration were needed to accurately represent the tensile 
behavior of the braid in its fully nested state. Because of this nesting phenomenon, a parametric study 
was done so that material properties E1, E2, G12, G2, ν12, ν21, and ν2 were tuned to give good correlation 
between the model and tensile test data. The set of properties that correlated well with the single-tow 
tension test provided a good starting point to use with this parametric study to tune material 
properties to match experimental tensile test results. The model was run in LS-DYNA®. 

2.8. Modeling of the Torsion Test of the Full Braid 

The finite element model of the representative unit cell of the full braid subjected to combined 
tension torsion is shown in Error! Reference source not found.c. The bottom of the braid was fixed. 
A rigid circular plate was placed on the top, and the nodes on the top of the braid were tied to the 
plate surface using the keyword *CONTACT_TIED_NODES_TO_SURFACE. To induce a tension in 
this model of the suspension line, an axial load (Pz) was prescribed to the plate for the first step, and 
this tension was held constant for the second (torque) step in the model solution. During Step 2, an 
angular displacement (θ) was prescribed to the plate. This modeling approach was done to 
investigate the torsional behavior of the braid as a function of the axial tension. 

The model was analyzed using an implicit solver, and the reaction forces of the rigid plate were 
measured. The value of the torque (T) was used to calculate the effective GJ in     𝑇 = 𝐺𝐽𝐿 𝜃    (3) 

where θ  is the angular displacement, L is the length of the braid, GJ is the effective shear modulus 
and polar moment of inertia of the braid. The calculated GJ of the model was compared with the 
calculated GJ from torsional experiments because GJ should be the same regardless of length for a 
given tension (Barry et al. [35]). To obtain the GJ from the experiments, the kT (torsional stiffness) was 
obtained from Barry et al. [35]and Equation 4 was used.                           𝑘் = 𝐺𝐽𝐿                          (4) 

When kT is multiplied by the length (L), the result is GJ. 

3. Results and Discussion 

3.1. Braid Geometry: Dimensions and Features 

The results from the measured braid parameters are listed in Error! Reference source not found.. 
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Table 2. Measured braid parameters of a Dacron suspension line. 

Braid Parameter Value 
Tow Diameter 1.57±0.12 mm 

Braid Angle 56.14±5.48o 

Braid Diameter 5.58 mm 

3.2. Single-tow tension tests 

The average stress-strain curve of five tests of single tows is shown in Error! Reference source 
not found.. The error bars are for one standard deviation. It can be seen in the graph that the axial 
behavior can be described as essentially bilinear, and the data exhibit two different moduli as a 
function of the stress-strain state. It is hypothesized that this could be the non-linear behavior of the 
polymer fibers (polyethylene terephthalate, Dacron). The initial modulus is ~4,100 MPa. At a stress 
of about 30 MPa, the modulus decreases to ~3,200 MPa. These moduli were estimated from trend 
lines that were created from the data in regions that were observed to be the two different linear 
regions.  

 

Figure 8. Average stress-strain plot of single tow tension tests (five tests with one standard deviation 
indicated). Initial and latter slope indicated on the plot. 

3.3. Single-Tow Finite Element Model 

A finite element model of a solid cylinder was used to investigate if the UMAT was properly 
capturing the constitutive behavior of the tows. The UMAT was coded to accommodate the bilinear 
behavior by dropping the initial value of E1 to a lower value (3,200 MPa) when the effective stress in 
the element exceeded the threshold of 30 MPa. The initial E1 was set to be 4,100 MPa to match the 
first slope observed in the single-tow tension tests. 

Attempts were made to characterize the lateral compressive modulus of the individual tows by 
compressing a bundle of fibers between two plates. However, because the fibers were not twisted 
into a yarn, there was nothing holding the fibers together. Thus, the fibers spread apart when 
compressed, thereby making it challenging to conclude a reliable value of the lateral compressive 
modulus. A second attempt to measure this property combined multiple tows and tied at the ends to 
weights on both sides. This grouping was positioned on the compression plate with the weights 
hanging off the ends; however, this test configuration resulted in a large spread of data making the 
test also unreliable. It is recommended that any future work on the characterization of the lateral 
compressive modulus of the individual tows explore a more reliable and repeatable methodology.  
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The rest of the material properties were estimated using reasonable assumptions assuming 
linear elastic material behavior. E2 (the behavior perpendicular to the direction of the fibers) was 
estimated to be 5,000 MPa because it was slightly higher than the axial modulus; when the tows come 
into contact with one another in the model, the transverse properties will need to be stiff enough to 
help with the contact and to avoid element distortion. Assuming the lateral compaction state of the 
tows was such that they were in a state of incompressibility, ν2 was set equal to 0.49 and because of 
this the G2 was estimated to be 1,677.85 MPa. This transverse behavior of the tow was kept the same 
regardless of the state of stress in the elements. For the behavior in the direction of the fibers of the 
tow, the tow bundle is assumed to consist of independent fibers, which ensures that it will not 
contract inward significantly when subjected to a tensile force along the fibers. As a result, the values 
of ν21 and ν12 were assumed to be zero. Because of this assumption the G12 was estimated to be half of 
the E1 modulus, i.e. 2,050 MPa. The same logic applied to G12 after the threshold stress of 30 MPa was 
reached resulting in it being 1,600 MPa. A summary of these properties is given in Error! Reference 
source not found.. Error! Reference source not found. shows a comparison of the stress-strain results 
from the model and the experimental data. The bilinear stress-strain behavior is captured well.  

Table 3. Summary of material properties used with the single tow model. 

σ < 30 MPa σ > 30 MPa All σ  
E1 (MPa) 4,100 E1 (MPa) 3,200 ν 2 0.49 

G12 (MPa) 2,050 G12 (MPa) 1,600 ν 21 0 
E2 (MPa) 5,000 E2 (MPa) 5,000 ν 12 0 G2 (MPa) 1,678 G2 (MPa) 1,678 

 

Figure 9. Single cylindrical tow model tensile stress-strain data compared with experimental single tow tensile 
stress-strain data. 

3.4. Modeling of the Tensile Test of the Braided Cord 

The mesomechanical model of the braid as shown in Error! Reference source not found.b was 
loaded in tension.  This model was built such that the tows are fully nested as a result of loading the 
braid in tension following the manufacturing process. The braid model neglected friction as previous 
model runs that included it made little to no difference in the results. It is hypothesized that this lack 
of effect from friction is because the normal force between the tows is insignificant for friction to 
influence the model. 

The results from the experimental cyclic testing of the braid are shown in Error! Reference 
source not found.. It can be seen in Error! Reference source not found. that the effective tensile 
modulus of the suspension line as the load is being increased is lower for the first cycle (872 MPa) in 
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comparison to the loading modulus for the next four cycles. This increase in stiffness for the next four 
cycles is a consequence of the tows nesting into position during the first cycle. In the current study, 
the tensile behavior after the first cycle is the response that is being simulated by the mesomechanical 
model of the braid. It can be seen in Error! Reference source not found. that the fully nested braid 
exhibits a bilinear behavior as was observed in the single-tow tension tests, and the respective initial 
(2253 MPa) and secondary (1420 MPa) moduli for the experimental pull of the full braid are denoted 
on Error! Reference source not found..  

 

Figure 10. Experimental stress vs. strain response of the 24-tow Dacron braid with the initial load-up (red) and 
the bilinear behavior of the subsequent four cycles of the nested braid configuration (green and purple) [35]. 

The red box with the green line denotes the initial loading stiffness, i.e., below the threshold stress. 

The material properties that were concluded for the single-tow finite element model were used 
for the 24 tows in the mesomechanical model of the braided cord. The model was compared to the 
last four loading cycles in Error! Reference source not found. (purple) and it was found that it did 
not correlate well with that part of the experiment. However when the model is shifted to the left 
(green) in Error! Reference source not found. it can be seen that the slope of the stress-strain curve 
for the model is closer to the slope for the initial loading cycle of the experiment then it is for the 
second loading cycle. This lack of correlation in slopes between the model and the experiment was 
not unexpected considering that this model is not an exact replica of the braided cord. However, it is 
noted that while it does not correlate well with the slope of the last four loading cycles it does correlate 
well with the initial load-up (first cycle). It is possible that the model braid geometry is loose, 
therefore, the braid cannot lock (is not fully nested) and the tows can move around and therefore the 
model resembles the initial load up situation.  

0

50

100

150

200

250

300

350

0 0.1 0.2 0.3 0.4 0.5

St
re

ss
 (M

Pa
)

Strain

Trial 1
Trial 2
Trial 3
Trial 4
Trial 5

872 MPa

1420 MPa

2253 MPa

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2025 doi:10.20944/preprints202502.2145.v1

https://doi.org/10.20944/preprints202502.2145.v1


 13 of 20 

 

 

Figure 11. Full braid tensile model with single-tow material properties compared with the initial loading 
(green) and the subsequent four loading cycles (purple). 

The lack of correlation of the model (which was built to be in the fully nested state) result with 
the fully-nested configuration experimental curves was thought to be (1) that a tow behaves 
differently in a braided configuration from that of a single-tow pull and/or (2) that this model of the 
braided cord does not adequately capture all the different aspects of the tow-to-tow interactions. A 
parametric study was conducted to explore the possible sources for the lack of correlation.  

The first material property that was investigated in the parametric study was the threshold stress 
where E1 and G12 decrease from their initial values. A series of models were run to observe how 
changes in the threshold stress affected changes in the initial stiffness of the braided cord during 
loading. It was concluded that a threshold stress of 140 MPa was required to get good correlation 
between the model and the experiment for the initial loading region. This 140 MPa for a tow in the 
braid compares to the 30 MPa for the single-tow pull test. This region of the braid stress-strain curve 
is denoted in Error! Reference source not found.. This increase in the threshold stress from that of 
the single tow may be a consequence of friction between the tows in the braid and/or the initial 
stresses that result from the braiding process. Neither of these items was explicitly included in the 
model. It is also thought that the increase in the modulus could be due to the geometric errors in the 
model (the geometry being too “loose” to model the fully nested configuration). This increase in the 
threshold stress improved the correlation as to when there was a drop in the slope, but there was still 
a discrepancy between the stress-strain curves for the model and the experiment with respect to the 
initial slope. 

The next material property that was explored in the parametric study was E1 for the initial slope 
region of the braid. This modulus was increased from 4,100 MPa to 12,000 MPa. Because the ν21 and 
ν12 stayed the same (0), the shear modulus G12 was adjusted to be half of E1, i.e. 6,000 MPa. Again, it 
is believed that these adjustments had to be made to account for geometric errors and friction that is 
not present in the model. The E2 and the G2 were concluded to remain the same as they were in the 
single-tow model at 5,000 MPa and 1677.85 MPa, respectively.  

The next step in the parametric study was to explore the material properties that were needed 
to capture the stress-strain response after the threshold stress of 140 MPa. The modulus E1 was 
concluded to be the same as with the single-tow tension tests (3,200 MPa); however, G12 had to be 
increased to 42,000 MPa. This significant increase is interpreted to be a consequence of the state of 
constraint on the motion of the tows within the braid.  The ability of the tows to move within the 
braid decreases as the tensile load increases, i.e., locks the tows into position, thereby leading to an 
increase in the shear behavior between the fibers in each tow because they are in a very compact state. 
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This phenomenon can be considered a form of jamming. Jamming occurs when low stiffness elements 
such as fibers are subjected to a pressure gradient; the pressure increases the kinematic and frictional 
coupling of the elements altering the effective mechanical behavior [36]. Although the structure can 
be considered jammed, giving reasoning for the increase in the shear modulus, it is recognized that 
the value of the shear needed to achieve good correlation is relatively high for a bundle of fibers. It is 
hypothesized that this high value is numerically needed because when the fibers are jammed it is 
possible that they reach a state of incompressibility and the high number is needed to make the tows 
in the model incompressible. It is thought that this high value also accounts for not only the jamming 
that is occurring but also geometric errors and the lack of friction present in the model. The E2 and 
the G2 had to increase as well to 100,000 MPa and 33,557.05 MPa, respectively. These increases further 
give evidence that the tows are being jammed and reaching a state of incompressibility. The 
compaction of the fibers increases within each tow resulting in the transverse stiffness increasing and 
likewise the transverse shear. The Poisson ratios were found to remain the same as they were with 
the single-tow model; ν2=0.49, ν21=0, ν12=0.  

A summary of the material properties that were concluded from the parametric studies for the 
braided cord is provided in Error! Reference source not found. . Error! Reference source not found. 
shows that these properties result in good correlation between the model and the experimental stress-
strain curves for the loading portion of a line that has been subjected to one loading and unloading 
cycle. The figure also highlights two distinct moduli captured by the braid model: an initial modulus 
of 2,219 MPa and a subsequent modulus of 1,350 MPa. These moduli were compared to experimental 
values of 2,253 MPa and 1,420 MPa, respectively. The 2% and 5% difference between the experimental 
and model moduli reinforces the good correlation. The modeling of the unloading section of the 
hysteresis loop was beyond the scope of the current study.  

Table 4. Summary of tuned properties used for the full braid meso-model. 

σ < 140 MPa σ > 140 MPa All σ 
E1 (MPa) 12,000 E1 (MPa) 3,200 ν2 0.49 

G12 (MPa) 6,000 G12 (MPa) 42,000 ν 21 0 
E2 (MPa) 5,000 E2 (MPa) 100,000 

ν 12 0 G2 (MPa) 1,678 G2 (MPa) 33,557 

 

Figure 12. Stress vs. strain of mesomechanical model of braid compared with experimental tensile stress vs. 
strain. 

Further sensitivity analyses were conducted on the refined model to assess the impact of each 
tuned material property on the overall behavior of the braided cord model. Each tuned property 
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(Error! Reference source not found.) was individually doubled and halved, and the cord was 
subjected to tensile loading to observe the resulting changes in the stress-strain curve. This process 
generated 10 additional tensile models; two models with doubled and halved cut-off stresses, two 
with doubled and halved values of E1 and G12 before reaching the cut-off stress, two with doubled 
and halved values of E2 and G2 before reaching the cut-off stress, two with doubled and halved values 
of G12 after reaching the cut-off stress, and two with doubled and halved values of E2 and G2 after 
reaching the cut-off stress.Error! Reference source not found. shows the effects of doubling and 
halving the cut-off stress parameter in the models and compares the results to experimental data. 
Altering this parameter has minimal impact on the slopes of the curves, but it does affect the stress 
level at the transition point (where the model and experiment shift from stiff to less stiff behavior). 
Looking at the experimental data, the transition point is estimated to be approximately 65 MPa. 
Doubling the cut-off stress from 140 to 280 MPa shifts the transition point of the model to around 100 
MPa (Error! Reference source not found.). Conversely, halving the cut-off stress from 140 to 70 MPa 
reduces the transition point of the model to around 30 MPa. This observation emphasizes the critical 
role of accurately determining the cut-off stress parameter in the model. Even slight changes in this 
parameter result in poor correlation with the experimental data and fail to accurately capture the 
behavior of the suspension line. It highlights the necessity for precise determination of this parameter 
to ensure reliable simulations that represent the suspension line’s behavior. 

 

Figure 13. Stress vs. Strain of experimental data compared with the model with a cut-off stress of 280 (purple) 
and a model with cut-off stress of 70 (blue). 

Error! Reference source not found. shows the effects of doubling and halving the properties that 
were tuned to match the experimental stress-strain tensile curve of the suspension line (Error! 
Reference source not found.). The initial and latter slopes from each of the last eight models was 
calculated and the percent change of each was calculated based on the slopes that the tuned model 
produced (Error! Reference source not found.).  
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Figure 14. Percent change of the two slopes (initial and latter) from the stress strain curve of the braid model 
with the tuned properties when doubling and halving those tuned properties. 

The bar graph (Error! Reference source not found.) demonstrates that doubling and halving the 
E1 and G12 before the cut-off stress of 140 MPa has the greatest effect on the initial slope and little to 
no effect on the latter slope. Doubling them increases the initial slope about 26%, while halving them 
decreases the initial slope about 43%. This highlights the substantial impact of these axial behaviors 
of the tow before the cutoff stress on the overall behavior of the braid. Accurate tuning of these 
properties is crucial for capturing the braid's behavior effectively. 

In contrast, doubling or halving E2 and G2 before the cutoff stress has minimal effect on both the 
initial and latter slopes of the model. This suggests that these properties are less sensitive compared 
to E1 and G12 before the cutoff stress, possibly due to errors in the braid geometry, particularly its 
loose structure, which minimizes the impact of transverse properties.  

After the cut-off stress, the doubling and halving of the shear modulus (G12) has the largest 
impact on the latter slope as doubling increases the slope by about 20% and halving it decreases the 
slope about 10%. However, it has little to no effect on the initial slope. This underscores the 
importance of the shear modulus in the 1-2 direction of the tow after the cut-off stress as it greatly 
influences the overall behavior of the braid model. This makes sense as the jamming of the fibers of 
the tow contribute to increased shear behavior. 

The E2 and G2 after the cut-off stress have a small effect on the latter slope but little to no effect 
on the initial slope, indicating a lower sensitivity to changes in these properties. However, further 
increases or decreases could potentially have a more significant impact on the braid because there is 
still a contact force between the tows that is contributing to the behavior of the braid. 

This sensitivity study contributes to the understanding of the mesomechanical model of the 
braided suspension line by exploring how altering the material properties of individual tows impacts 
its overall behavior. Additionally, it offers insights into potential areas for model enhancement, 
including model geometry improvement and addressing friction-related factors. These findings 
guide improvements in simulations and enhance predictive capabilities for modeling parachute 
suspension line behavior under varying conditions. 

3.5. Modeling if the Torsion Test 

Sensitivity Study on the Stress-Strain Curve of the Tensile Model of the Braid
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The mesomechanical model was next used to simulate the braided cord subject to four 
combinations of axial force and torsional displacement. These tension/torsion models used the same 
material properties for the individual tows that were ultimately concluded for the calibrated tension 
tests, i.e. Error! Reference source not found.. The value of GJ associated with each combination of 
tension/torsion loading was calculated using Equation 3, and these GJ values were compared to the 
values of the same tensions obtained from the experimental dynamic and static torsion tests. 

Error! Reference source not found. shows the comparison of the GJ values derived from the 
dynamic and static experimental torsion test data compared to the GJ values as calculated from the 
mesomechanical model. The three tensile loads for the dynamic experimental tests were 54, 188, and 
366 N and the three tensile loads for the static experimental tests were 54, 188, and 500 N. The 
dynamic experimental results show the same rate of increase in GJ with increasing tension as in the 
model, and the model and experimental GJ values are fairly close to one another ranging from an 8-
19% difference. For the static test the same rate of increase of GJ with tension is observed however 
there is a little more of a difference in the values then with the dynamic tests (13-27% difference). 
Even though the difference is slightly larger, the trend is the same and the values are on the same 
order of magnitude. 

 

Figure 15. GJ vs Tension; mesomechanical model data compared with dynamic and static experimental torsion 
test data. 

The difference between the effective torsional stiffnesses as measured between the static and 
dynamic test methods may be either a consequence of the difference in the mechanical response of 
the line to dynamic and static conditions or it may be a consequence of the ability the techniques used 
to measure the effectively small torsional stiffnesses.  Irrespective of what differences may exist 
between the two testing approaches, the mesomechanical model is able to estimate the torsional 
stiffness on the same order of magnitude as the tests for a range of tensile loads that can occur for a 
suspension line in service. 

4. Conclusions 

A mesomechanical finite element model of a representative unit cell of the braided suspension 
line was created using VTMS and LS-DYNA® release 14. A user-defined material subroutine 
(UMAT) was implemented in LS-DYNA to capture the transversely isotropic material behavior of 
the tows in this braid. The UMAT was validated by showing good correlation of a model of a tensile 
test of a single tow with experimental data. The mesomechanical model of the full braid was pulled 
in tension, and it was found that the material properties developed for the single-tow model did not 
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give similarly good correlation between the model and the experimental data for the braid. A 
parametric study was conducted to tune the tow properties to achieve good correlation between the 
mesomechanical model and experimental data for the braid. This change in effective material 
properties was interpreted to be a consequence of the restrained movement of the fibers in a braid as 
compared to the free movement of the fibers in a single-tow test. These updated properties were then 
used in a combined tension-torsion model of the suspension line, and that combined loading model 
showed good correlation with experimental data. The results of the modeling of this one suspension 
line show promise for the development of a virtual approach to characterize the tensile and torsional 
stiffnesses of a parachute suspension line design. These stiffnesses can then be used in numerical FSI 
studies to investigate how they can assist in mitigating the flow-induced vibration that is exhibited 
during descent.  
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