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Abstract: Parachutes and other inflatable aerodynamic decelerators usually use flexible fabrics
due to their lightweight and high load-carrying capacity. The behavior of fabrics during complex
deformations is mainly influenced by their shear properties. The shear properties of fabric can
be explained by the shear stiffness or shear modulus. The design optimization of these inflatable
structures relies on a detailed knowledge of the mechanical properties of the fabric material. To
investigate the effect of shear modulus on the inflatable shapes of parachute canopies, an arbitrary
Lagrangian–Eulerian coupling method based on the incompressible computational fluid dynamics
solver and structural solver LS-DYNA is proposed. Finite element methods are used to describe
continuous materials such as fabrics and airflow fields. The effects of the shear modulus on the inflated
parachute shapes are investigated from the macroscopic and microscopic scales. A comparison
analysis reveals that different shear moduli have little effect on the overall shape and in-plane shear
strain of the parachute, while they have significant effects on the in-plane stress distribution and
wrinkles of the parachute. The methods and conclusions of this paper can provide some reference for
the materials design of parachutes in preforming stage.

Keywords: parachutes; shear modulus; inflation shape; fluid–structure interaction

1. Introduction

Parachutes and other inflatable aerodynamic decelerators are used in many applica-
tions, such as vehicle recovery, Mars exploration, and airdrops, due to their small size,
lightweight and low cost [1–4]. Parachute canopy is composed of flexible fabric materials,
using woven fabrics designed to meet specific manufacturing or structural requirements.
The thickness of the parachute canopy is so small relative to the geometric scale that the
canopy can be regarded as a thin fabric material. The physical properties of the canopy
material play an important role in the parachute modeling process. The shear stress causes
shear deformation, fabric wrinkles, and even shear damage. The shear modulus of the
fabric material is mainly related to the mechanical properties of the yarn and the geometric
parameters of the fabric [5]. Understanding the effect of shear properties on the mechanical
properties of parachute materials is essential for the proper optimization of the design of
structural components.

Parachute fabrics are flexible materials composed of yarns interlaced together. Woven
fabrics are made up of two sets of yarns interlaced perpendicularly. The yarns along the
length of the fabric are called warp yarns, and the yarns along the width are weft yarns.
Warp and weft yarns can be interwoven to form various fabrics with different patterns [6].
Fabrics can be formed from one or multiple materials to meet structural requirements.
Therefore, the mechanical and physical properties of a textile fabric composed of a specific
type of material depend primarily on how it is structured. The detailed modeling of the
mechanical properties of woven fabrics has been extensively studied for decades [7,8].
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However, due to their complex nature, the modeling of woven fabrics is relatively back-
wards compared to other materials [9]. The behavior of fabrics as composite orthogonal
materials under loads is characterized by friction, crimp interchange, slip, and locking.
Specifically, these behaviors refer to contact friction between overlapping yarns, undula-
tions caused by warp and weft yarns crossing under applied loads, slip when yarns rotate
due to shear, and locking when yarns stick together and can no longer rotate [10]. These
behaviors are influenced by the type and manner of loadings, which are essential factors
for fabric properties. However, these behaviors occur at the yarn and fiber levels. Studying
yarn interactions requires a high level of detail at the cost of increased computational cost,
which is not the focus of this paper.

Fabrics can be studied at the macroscopic, mesoscopic, and microscopic levels.
Kabche et al. [11] measured the fabric modulus of inflatable beams through experimental
tests and input the data to the finite element material model for predicting the bending
response of the beams. The results show that the elastic moduli and shear moduli of fabrics
vary with the inflation pressure, weave structure, and material properties of the fibers.
Some researchers have proposed fluid–structure interaction (FSI) methods to simulate the
nonlinear flexible behavior of parachute canopies [2,12–14]. Most studies concentrated
on the parachute inflation process involving observations of opening times and stress
distributions under various loading conditions and structural responses. Although much
work has been performed in the field of parachute modeling, there is no universal material
model that accurately captures all aspects of mechanical behaviors of canopy fabrics.

Much experimental work has been performed to determine the mechanical properties
of fabrics. A review of several experimental methods for determining the elasticity and
shear modulus of fabrics can be found in the literature [15]. While keeping other properties
constant or zero, biaxial tensile, shear, and bias extension tests were used to measure one
of these mechanical properties. Tanner applied the material data measured from tests to
the FSI work. NASA and ILC Dover used similar test methods to explore better ways of
describing the stiffness of coated woven fabrics to support ground testing programs for
inflatable aerodynamic decelerators [16]. However, experimental studies have limitations
regarding measurable quantities [17], so a more detailed characterization of fabric material
properties would be necessary.

LS-DYNA is a widely used commercial non-linear finite element software package.
Its material library has available material models for modeling the micro- and macro-
mechanical behavior of fabrics. Tabiei and Ivanov proposed a fabric model at the yarn
level (MAT_MICROMECHANICS_DRY_FABRIC) that considers yarn repositioning and
the geometric shape of the fabric using homogenization techniques [18]. However, this
material model is not used in this paper due to its high computational cost and the lack
of unusual input parameters required by its published material data. In this paper, we
use the standard fabric model (MAT_FABRIC) from the LS-DYNA material library, which
is commonly employed for most structural analyses of fabrics. This macroscopic model
uses Hooke’s law as the intrinsic constitutive equation, which ignores the microscopic
interactions between yarn and fiber, making it more computationally feasible.

To the best of our knowledge, there is currently no literature examining the effect of
shear stiffness on parachute inflation performance at the macroscopic scale. Inspired by
previous studies, we study the effect of shear behavior on the inflation deformations of
parachutes by fluid–structure interaction methods. The incompressible Computational
Fluid Dynamics (CFD) solver is combined with the LS-DYNA finite element structure solver.
The fluid–structure interface is solved by arbitrary Lagrangian–Eulerian (ALE) methods,
where the fluid and structure meshes are independent, and the structure can cross a fixed
fluid mesh [19]. The simulation tools utilized in this study have been validated against
experimental results in previous works [13], demonstrating their accuracy in predicting
structural deformations during inflation and aerodynamic performance in the steady
descent phase of the parachute warhead system. This study provides quantitative and
qualitative analyses of the FSI results, examining the macroscopic shapes and microscopic
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wrinkles of the parachute. This paper aims to provide feasible numerical methods and
references for the design optimization of parachute materials.

The rest of this paper is organized as follows. Section 2 introduces the relationship
between the shear modulus and shear behavior of parachutes, and the governing equations
for FSI simulations. Section 3 presents the parachute model and material parameters
used for the simulations, and the defined measurement criteria. Section 4 presents the
simulation results of FSI simulations of the parachute inflation process, and Section 5
concludes this paper.

2. Experimental Methods
2.1. In-Plane Shear Behavior of Fabrics

The main difference between flexible fabrics and ordinary rigid bodies is the non-linear
properties caused by a much lower shear stiffness than tensile stiffness [20]. There are
several main reasons for the shear behavior of fabrics [21]:

1. Deformation due to the rigid intersection of yarns when the shear force is insufficient
to overcome friction;

2. Yarn slip that occurs when shear force overcomes friction;
3. Elastic deformation after the completion of slip.

In terms of shear stiffness, the shear modulus G is usually much smaller than the
tensile modulus in the warp or weft direction. However, it may significantly contribute to
the effective modulus in directions other than warp and weft [22]. To estimate the in-plane
shear modulus of fabrics, many researchers [23–26] have employed bias extension tests to
measure the linear Poisson’s ratio and elastic modulus in the warp and weft directions,
with uniaxial stress tests in the 45

◦
bias direction to determine the tensile modulus, using

the equation:

G =
1

4
E45

◦ − 1
E1
− 1

E2
+

(
ν21
E1

+ ν12
E2

) (1)

where E1, E2, ν12 and ν21 are the linear elastic moduli and the Poisson’s ratios in the warp
and weft directions, respectively, and E45◦ is the tensile modulus.

2.2. Governing Equations

Due to the relatively low instantaneous velocity in the fluid–structure interaction sim-
ulation of low-speed airdrop parachutes during airdrop experiments, the air is considered
an incompressible fluid [27]. Consider that a domain Ω f (t) is occupied by incompressible,
viscous air with boundary Γ f (t), and Ωs(t) is the structure domain with boundary Γs(t).
For simplification, the form of time t is no longer shown below.

2.2.1. Structure Dynamics

Due to the large deformations in inflation, the canopy deformation is regarded as a
geometrical nonlinear problem. The highly flexible fabric material is used to simulate the
canopy structure. The governing equations for the structure domain are illustrated by

ρs
dνs

dt
= ρsfs + div(σs) in Ωs (2)

where ρs is the material density, νs is the velocity of structure, σs is Cauchy stress tensor,
and fs is the external body forces acting on the structure. There is no stress and strain of
structure at the initial time.

Suspension lines are modeled using a discrete cable element from the LS-DYNA
material library. The force generated by the suspension line Fc is non-zero only if the line
is in tension, and the tensile force can be calculated by the cable material stiffness and
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offset length. Considering the damping and nonlinear characteristics of lines, the dynamic
governing equations are

Fc = f (ε) + c
.
ε (ε > 0), ε =

l − (l0 − ∆l)
(l0 − ∆l)

(3)

where f (ε) denotes the nonlinear tensile function of lines, c is the damping coefficient, ε is
the strain of lines, ∆l denotes the element offset, l0 and l represents the initial length and
current length of the cable element, respectively.

The above equations are discrete in time. Based on the linear time discontinuous
Galerkin strategy, a discrete form of the above structural equation can be obtained. The
specific details can be found in [28].

2.2.2. Fluid Dynamics

The governing equations of the structure are affected by fluid loading, which is
obtained by solving Navier–Stokes equations in the ALE coordinate system [29,30]. The
incompressible, viscous airflow is described by the equations of mass, momentum, and
energy conservation, as provided by Equations (4)–(6).

∂ρ f

∂t
+ ρ f div

(
ν f

)
+

(
ν f − νm

)
∇ρ f = 0, (4)

ρ f
∂ν f

∂t
+ ρ f

(
ν f − νw

)
∇ν f = div

(
σ f

)
+ f f (5)

ρ f
∂e
∂t

+ ρ f

(
ν f − νw

)
∇e = σ f∇ν f + f fν f (6)

where ρ f is fluid density, f f is the external body force, ν f and νm are fluid velocity and
mesh velocity, respectively, and σ f is the stress tensor defined by

σ f

(
p,ν f

)
= −pI + µ

(
∇ν f +

(
∇ν f

)T
)

(7)

where p, I, and µ are the pressure, identity tensor, and dynamic viscosity of the fluid,
respectively. The ideal gas law is used to calculate the pressure:

p = ρ f
(
Cp − Cν

)
Tf (8)

where ρ f and Tf are the air density and temperature, respectively, and Cp and Cν are
specific heat capacities at constant pressure and volume, respectively.

To complete the Navier–Stokes Equations (4)–(6), the boundary conditions are de-
fined as

ν f = ν
D
f on ΓD

f (9)

σf ·
→
n = tN

f on ΓN
f (10)

where νD
f denotes the imposed Dirichlet condition of velocity on ΓD

f ,
→
n is the outward

normal of the fluid boundary, and tN
f is the externally applied Neumann condition of

normal stress on ΓN
f .

2.2.3. Fluid–Structure Interaction Scheme

The incompressible CFD solver and structure solver LS-DYNA are fully coupled to
realize FSI. The coupling is carried out with a balance at the interface ΓI between fluid and
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structural domains. Kinematic constraints at the interface guarantee identical velocities of
fluid and structure, while dynamic constraints assure the stability of stresses.

νs = ν f at ΓI (11)

τs·
→
n = σf ·

→
n at ΓI (12)

where τs is the tensile force acting on the structure interface, and
→
n is the outer normal

vector of the fluid–structure coupling interface. The above conditions are always met over
time, so the fluid stress determines the deformations of structure domain.

The FSI calculation was initiated from the velocity inlet boundary. The fluid equations
were solved first, and the calculated aerodynamic forces were transferred to the structure
solver. Then, the structure solver was computed and passed the nodal displacements of
the canopy as boundary conditions to the fluid solver based on the obtained fluid loading.
The above process is repeated until convergence is reached, then the solution enters the
next step. The fluid–structure interaction simulation process of the parachute inflation with
ALE method is shown in Figure 1.

Figure 1. Coupling process with ALE method.

After the canopy was fully inflated, the residuals converged to a value close to zero and
remained stable. The aerodynamic coefficients of the final 1000 time steps were averaged
to obtain the aerodynamic values at the current angle of attack. Each case was iterated for
25,000 steps with a time step of 10−4.

This paper utilized the high-performance scalability of the MPP capability of the LS-
DYNA R10 solver, and the FSI simulations of the parachute inflation process were solved in
parallel using a 32-core workstation, which greatly improved the efficiency of the solution.

3. Parachute Fluid–Structure Coupling Simulation
3.1. Parachute Geometry and Finite Element Model

In this paper, we discuss the development of a Disk-Gap-Band (DGB) parachute
model, which is commonly used in the aerospace field. The geometry of the DGB parachute
consisting of 48 suspension lines and 24 gores is presented in Figure 2. The specific
geometric parameters are shown in Table 1.
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Figure 2. Geometry of a Disk-Gap-Band parachute.

Table 1. Geometric parameters of parachutes.

Parameter Value

Nominal diameter Do (m) 2.72
Line length (m) 2.72

Vent diameter (m) 0.56
Number of lines 48

FSI simulations of the parachute opening process were carried out under wind tunnel
experiment conditions. We only consider the lateral folding of the parachute, i.e., the
inflation process starting from the deployment moment. The initial computer-aided design
(CAD) models of the folded canopy and flow field are shown in Figure 3.

Figure 3. Initial CAD models. (a) Parachute. (b) Flow field.

The CAD models used for the simulation were designed by CATIA software and
were exported to the finite element tool for meshing to generate the finite element models,
as shown in Figure 4. Specific simulation model parameters can refer to [31]. To avoid
wall effects, the fluid domain was modeled as a cylinder with its boundaries far from the
parachute canopy. The parachute canopy was divided by quadrilateral grids, and the flow
field was meshed by hexahedron grids. The smaller the mesh, the better the accuracy
in capturing complex fluid dynamics. Therefore, the mesh size of the fluid flow around
the parachute should be as small as possible compared to that of the parachute canopy.
However, finer meshes lead to higher computational costs. In order to create a trade-off
between accuracy and computational effort, we used an incremental approach to divide the
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fluid mesh from the canopy center to the boundaries. the results of the mesh convergence
study are presented in Section 3.4.

Figure 4. Mesh models of parachute and flow field.

3.2. Material Parameters

The parachute canopy is made of a low permeability ripstop nylon fabric with
polyester woven suspension lines. Relevant material data has been tested experimen-
tally, and we chose the Type IV fabric specification from the literature [32]. The parameters
used in the model are shown in Table 2, considering the fabric as isotropic material. The
flow speed at the deployment stage is usually higher than that at the steady descent stage,
and thus, a flow speed of 50 m/s was chosen to simulate the parachute inflating process.
The simulation time was set to 0.8 s with a time step of 0.0001 s.

Table 2. The parameters of numerical model.

Parameter Canopy Suspension Line Airflow

Thickness (or area) 1.00× 10−4 4.42× 10−6 m2 -
Density 533.77 kg/m3 462.00 kg/m3 1.18 kg/m3

Young’s modulus E 4.31× 108 Pa 9.7× 1010 -
Poisson’s ratio ϑ 0.14 - -

Materials Fabric Cable Null
Type of elements Shell Beam Solid

Number of elements 3936 11,136 72,380

The objective of this paper is to investigate the effect of shear modulus on the response
of the inflatable deformations of the canopy. From the nominal value of the shear modulus,
with the assumption of isotropy, provided in Equation (13), we decreased G until there
were significant effects on the structural responses.

G =
E

2(1 + ϑ)
(13)

As shown in Table 3, five models named Model A–Model E with different values of G
were tested by simulation.

Table 3. Shear modulus of parachute models.

Models Shear Modulus (MPa)

A 189
B 100
C 10
D 5
E 3



Sustainability 2023, 15, 5396 8 of 17

3.3. Defined Measurement Criteria

Three macroscopic measurement criteria were chosen to represent the overall inflated
shape of the canopy, presented in Figure 5. To maintain the consistency of results and
minimize measurement errors between different models, we selected the same nodes for
measurements in each case.

Figure 5. Measurement criteria for canopy shape. (a) Height of canopy. (b) Canopy diameter and
vent radius.

In order to compare the magnitudes of loads on the suspension lines, we chose seven
lines numbered 1–7, and the corresponding lines numbered 1′–7′ in the opposite direction,
which were located on the three connected canopy gores 1–3 of each model, as shown in
Figure 6. Taking into account the special structure of the DGB parachute, each suspension
line is divided into an upper gap part and a lower payload part. In the following section of
simulation results, we conducted the statistical analysis of the tensile loads on the selected
suspension lines.

Figure 6. The number of lines used for measurement.

Membranes will wrinkle along the edge due to the inability to support compressive
stress. Understanding wrinkles is important because they can affect the deformation
and stress distribution of the canopy, and thus, affect the overall performance of the
parachute [33]. In order to analyze the influence of G on the canopy inflated shapes on a
microscopic scale, three measurement criteria were defined for five connected wrinkles,
numbered 1–5 and their opposite direction 1′–5′, on each model. These measurements were
the height (h), radius (r) of the circle where the wrinkle is located, and the angle between
the midpoint and two endpoints of the wrinkle. Figure 7 provides a visual representation of
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these measurements. To maintain consistency between models and minimize measurement
errors, the same wrinkles were selected for measurements in each case.

Figure 7. Definition of measurement criteria for wrinkles.

3.4. Mesh Convergence Study

Based on prior experience in finite element modeling, we estimated an appropriate
mesh coarseness for the initial model. As the mesh size changed from coarse to fine,
we developed five different finite element models with mesh sizes ranging from 45 k to
230 k. After the parachute was fully inflated, the drag coefficients (Cp) of the canopy were
extracted at t = 0.8 s and compared in Figure 8. The data showed that the drag coefficient
varied with the refinement of the mesh model. The difference between the 120 k and 230 k
mesh models was less than 3%, within an acceptable error range. Therefore, we selected the
mesh model with 125,478 nodes and 121,350 elements for the subsequent shear modulus
variation study.

Figure 8. Variation of the drag coefficients with the number of mesh elements.

4. Results and Discussion

Parachutes are stochastic systems with a large dispersion characteristic, and the canopy
geometry can significantly affect its inflation performance. To investigate the effect of shear
modulus on inflation deformations of the parachute canopy, this study was conducted using
models with identical constructions and different shear moduli as presented in Table 3.
This section first discusses the results of the opening process of the parachute, followed by
an examination of the changes in the fabric on both macroscopic and microscopic scales
with varying shear modulus.

4.1. Inflation Simulation

An important factor impacting the accuracy of the simulation results is the time taken
for the parachute to reach a steady state. To determine the steady state of the canopy, the
distance changes between two nodes along the projected diameter direction of the canopy
edge, as shown in Figure 9, were recorded for five simulation models over time. It can be
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seen that the canopy reached a steady state in approximately 0.5 s and remained nearly
constant for the rest of the time, with no significant oscillations observed.

Figure 9. Distance between two nodes along the diameter direction of the canopy edge changes
with time.

Figure 10 shows the three-dimensional deformations of the parachute canopy from
the initial deployment at 0.0 s until fully inflated at 0.6 s. At the start of inflation, the
slots were nearly closed. The airflow entered the canopy from the bottom and gradually
collected at the top, and spread to fill the entire canopy. As the canopy continued to inflate,
the slots expanded, accelerating the inflation process. Eventually, the canopy opened
completely to a hemispherical shape. The inflation time means the duration from the start
of the airflow enters the canopy until it is fully opened. After inflation, the canopy may
experience area oscillations due to unsteady airflows at high Mach numbers. However, the
overall inflated shape of the canopy will converge to a stable state without much change
in size. These results are consistent with simulation results of the parachute shape during
inflation in reference [22], but the inflation time is slightly different, which may be due to
inconsistencies in the shape and size of the parachute canopy. The FSI numerical simulation
captured the opening process of parachutes effectively.

Figure 10. 3D simulation results of the parachute shapes during inflation.

The computational time of 0.6 s is considered the end of the fully inflated phase. In
addition, all criteria, introduced in Section 3.3, will be analyzed on the parachute state at
t = 0.8 s, where we can consider that the parachute is in a steady state.
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4.2. Effects of Shear Modulus at Macroscopic Scale
4.2.1. Effect on Inflation Shape

As the primary measurement of steady canopy deformation is the inflated shape, this
section examines the impact of changes in the shear modulus on the inflated shape of
the parachute. Reducing the shear modulus causes the stiffness of the fabric material to
decrease, leading to increased deformations of the parachute. Accordingly, a reduction of
G is expected to result in an increase in canopy deformation. Figure 11 summarizes the
measurement results of five models in Table 3 according to the measurement criteria for
parachute shape defined in Section 3.3.

Figure 11. Effect of shear modulus on canopy macroscopic dimensions. (a) Height of canopy.
(b) Radius of vent. (c) Ratio of canopy height to diameter. (d) Ratio of canopy projected diameter to
nominal diameter.

As shown in Figure 11a,b, the size of the canopy increased with the decrease of G, and
the trend in the vent radius was obvious, with a maximum increase of 10% from 0.203 m in
Model A to 0.222 m in Model E. Compared to the changes in canopy height, the increase in
top vent radius is more sensitive to variations in G, which may result in more air inside the
canopy flowing out from the vent, potentially altering the aerodynamic performance of
the parachute. The impact of this parameter effect on stress distributions on the canopy is
further analyzed in Section 4.2.2.

Recent research [34] suggests that a smaller length–width ratio of a parachute results
in stronger deceleration ability and higher efficiency of the cruciform parachute. Based on
the similar definition of the ratio of length to area, Figure 11c presents the height–diameter
ratio H/D, which reveals that a reduction in the shear modulus leads to an increase in H/D.
The maximum difference is 6.2% between Model C and Model D. Another indicator of
drag efficiency in parachute design is the ratio of projected diameter to nominal diameter
of the parachute [35], with a larger ratio indicating a greater drag coefficient. Figure 11d
shows the variation of this ratio with the shear modulus, and the results demonstrate that
the difference in the projected diameter of the canopy is not significant. The maximum
difference is only 3.4% between Model A and Model C.
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4.2.2. In-Plane Stress/Strain and Drag Characteristics

Figure 12 shows the stress contours distributed on the parachute canopy surface
with different G. The central region near the top vent experiences higher stresses than the
average of the entire canopy, which is consistent with the simulation results of [36]. At
the nominal value of G = 189 MPa, the stress distributions on the surface of the canopy
were locally uneven and asymmetrical along the projected diameter of the canopy. With
the decrease of G, the maximum stress magnitude near the canopy vent increased from
3.7× 107 Pa to 6.7× 107 Pa. However, the stress distribution along the radial direction was
gradually symmetrical and uniform. The increase in stress magnitudes near the canopy
vent could be attributed to the increase in the top vent radius shown in Figure 11b. The
larger radius causes a greater amount of airflow to move toward the vent, resulting in a
high-mass shock impacting the canopy vent.

Figure 12. Stress contours on parachute surface with varying shear moduli.

It is worth noting that the stress contours appear to show a “spiral” at G = 5 MPa and
become stronger at G = 3 MPa. This evolution of shapes was attributed to the nonlinear
behavior of the shear modulus of the parachute material, which correspondingly caused
the increase of the canopy wrinkles, and this effect will be quantified in Section 4.3.

In Figure 13, the effects of shear modulus are quantitatively analyzed by the maximum
and minimum values of shear stress and strain for different G. Comparing Model E with
Model A, the maximum in-plane shear stress increased by 62%, and the minimum in-plane
shear stress nearly doubled, increasing by about 108%; while the maximum and minimum
values of in-plane shear strain increased by 24% and 32%, respectively. This shows that the
effect of shear modulus on shear stress is greater than that on shear strain.
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Figure 13. Effects of shear modulus on the in-plane shear stress and strain components. (a) In-plane
shear stress. (b) In-plane shear strain.

The magnitude of the drag coefficient reflects the resistance or deceleration perfor-
mance of parachutes. We extracted the drag coefficients of five cases at t = 0.8 s, after the
parachutes reached steady states, and the statistical results are illustrated in Figure 14. The
decreasing trend of drag coefficients as G was similar to that of D/Do in Figure 11d. A
larger projection area resulted in better resistance performance for the parachute. However,
an increase in the top vent radius may cause a loss of aerodynamic drag on the canopy.
Although the D/Do ratios of Model A and Model B were smaller than that of Model C,
their vent sizes were also smaller, resulting in similar drag coefficients for Models A, B, and
C. Conversely, the trend of H/D in Figure 11c was opposite to that of drag coefficients, con-
firming the hypothesis in Section 4.2.1 that the influence of the H/D ratio on deceleration
efficiency was consistent with the length–width ratio in [35].

Figure 14. Drag coefficients of fully inflated parachutes.

4.2.3. Axial Load in Suspension Lines

For better comparison, the suspension lines numbered 2–7 between three connected
parachute gores, and symmetric lines 2′–7′ in the opposite direction shown in Figure 6,
were selected. The average axial load values of these two sets of lines are presented in
Figure 15. The results showed that the tension on the suspension lines gradually decreased
as G reduced, which is roughly consistent with the trend of drag coefficient variation in
Section 4.2.2. Specifically, Model E exhibited an average tension on lines 1–7 that was 9%
less than that of Model A, while the average tension on lines 1′–7′ in the opposite direction
was 7.3% less. In terms of tension symmetry, Model C demonstrated the most balanced
symmetry, while the other models did not exhibit significant changes in tension symmetry.
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Figure 15. Effect of shear modulus on axial load in suspension lines.

4.3. Effects of Shear Modulus at Microscopic Scale

To analyze the effects of shear modulus at the microscopic scale, we measured the size
of the wrinkle zones in Figure 7, and histograms are provided in Figure 16.

Figure 16. Influence of shear modulus on the shape of wrinkles.

With the decrease of G, the height of wrinkles increased slightly and eventually
reached a stable value. The difference between mean values of wrinkles 1–5 and wrinkles
1′–5′ decreased gradually, indicating an increase in canopy symmetry. Model E, which
had the lowest G, exhibited more wrinkle deformations in terms of the reduction of angle
and radius. The maximum increase of mean wrinkle height was 28% between Model A
and Model E. The radius of curvature and angles where the edges of wrinkles occupied
gradually decreased. Compared to Model A, the wrinkle angle of Model E decreased by
9%, and the wrinkle radius decreased by 21%. These findings are consistent with the study
by Shanbeh et al. [37], who indicate that fabrics with low shear resistance produce high
deformation wrinkles due to high locking angles.



Sustainability 2023, 15, 5396 15 of 17

5. Conclusions

The fluid–structure interaction method was used to analyze the effect of shear behavior
on the inflation deformations and resistance characteristics of parachutes for the first time.
Based on the simulation results for various shear moduli, the steady inflated shapes and
structure dynamics were analyzed quantitatively and qualitatively at macroscopic and
microscopic scales. The conclusions are summarized as follows:

1. The most significant effect of the decrease in G on the steady-state inflation shape
of the parachute canopy was an increase in the diameter of the top vent by about
10%. This led to an 81% increase in stress near the canopy top vent, which had an
unfavorable effect on the drag coefficient.

2. The reduction of G had a greater effect on the shear stress than the shear strain on
the parachute surfaces. The minimum in-plane shear stress increased by nearly 108%,
and the symmetry of the parachute canopy improved.

3. The reduction of G resulted in a gradual decrease in the mean tension on the suspen-
sion lines, with a maximum difference of 9%.

4. The reduction of G on the microscopic scale manifested as the increase of wrinkle
deformations at the canopy edges, where the mean height of wrinkles increased by
28%. The influence on the aerodynamic distributions of the parachute surface needs
further study.

In summary, the shear behavior has important influences on parachute performance.
This underscores the need to consider in-plane shear modulus variations and explore the
coupling between shear behavior and nonlinear tensile behavior in the pre-forming process
of fabric materials for better parachute performance. Future works will concentrate on
quantitative comparisons between experimental and numerical results sensitivity studies.
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