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This study focuses on the cell bump distortion and bearing capacity of parafoil structure. Based on the mechanical properties of the
membrane structure, the spanwise model of parafoil inflation was established and verified by comparing with the fluid-structure
interaction (FSI) results. Because the internal pressure is very low, the chordwise stiffness is mainly generated by suspending
lines. The chordwise model of inflated parafoil was established in consideration of elastic force and aerodynamic force. The
results show that the cell is slenderer; the canopy surface is smoother; the aerodynamic load has a light effect on the shrinkage
and bump ratios; when the cell width is constant, the critical dynamic pressure reduces k times with the k times increasing in
parafoil area; and the design parameters of the first-row line OA have significant effects on the structural stiffness of inflated
parafoil. The analytical model is useful for the weakening deformation design and the safety discussion of large parafoil for
rocket booster recovery.

1. Introduction

The parafoil is a flexible wing maintaining the aerodynamic
shape with ram air in cells and decelerating the payload drop
with aerodynamic lift. The aerodynamic force on canopy can
be changed by pulling down the steering ropes to achieve
steerable flight. As a kind of steerable aerodynamic decelera-
tor, parafoil gets extensive attention in the rocket booster
recovery. The parafoil is made by flexible textile material
and presents large deformation during flight. When used
in booster recovery, the parafoil has a tremendous area
and bears a large wing load. This puts forward higher
requirements for the bearing capacity of parafoil structure.
Therefore, it is necessary to investigate the deformation
and structural stiffness of large parafoils to improve their
performance and safety.

The deformed surface geometry of a parafoil was pre-
sented by a video-based photogrammetry during tethered
testing in a low-speed tunnel [1, 2]. Due to the fact that this
kind of test presents a high cost, numerical simulation
has become a popular way to analyze the deformation of
parafoils. Kalro et al. set the shape of deformed canopy
according to the drop test and analyzed the motion of

opening process [3]. Eslambolchi and Johari extracted the
inflated canopy geometry from close-up images of the
MC-4 canopy during a flight and computed the flow field
around the deformed canopy [4]. Ibos et al. simulated the
fluid-structure interaction problem of a parafoil using SINPA
software [5]. Kalro and Tezduyar calculated the shape of
a parafoil in a steady flight using the parallel coupling
algorithm for fluid-structure coupling using finite element
methods [6]. Fogell et al. analyzed the fluid-structure interac-
tion problem of a single-cell parafoil model [7]. Altmann
studied the deformation of canopy by the potential flow
theory and the cable finite element [8, 9]. Peralta and Johari
investigated the geometry of a fully inflated canopy in steady
flight using a prescribed pressure distribution [10]. Mosseev
developed a series of software to simulate the aerodynamic
deformation of a canopy [11]. The results indicate that the
projected area of an inflated canopy is 18% smaller than the
area of the initial geometry.

The numerical simulation of the fluid-structure inter-
action in the parafoil is very complicated and time-
consuming. It is difficult to carry out a numerical simulation
while designing a parafoil. Besides, the trade studies on
design variables cannot be clearly discussed only by the
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analysis of simulation examples. The deformation and safety
of the parafoil structure during the flight should be included
in the design process in order to improve the flight perfor-
mance of the parafoil. It is important to find a design theory
which is able to guide the manufacture process of large
parafoils. The novelty of the current study is to establish the
theoretical spanwise and chordwise model for the design of
parafoil. Further, the effect of design variables is studied.

2. Spanwise Structure Model

As is shown in Figure 1, the inflating deformation of parafoil
is mainly embodied as the spanwise bumps. This is deter-
mined by the mechanical properties of the membrane struc-
ture. The widthwise projection of the ideal cell is flat, but the
lengthwise projection is curved. When the cell is ballooning,
the widthwise curvature changes more than the lengthwise
curvature to bear pressure load. The failure of spanwise
structure is the primary failure mode of wingtip collapse.
Hence, the chordwise deformation and stress can be
neglected in the two-dimensional deformation model of
canopy structure.

The stress of membrane structure is expressed below [12]:

σ1
r1

+ σ2
r2

= P
t
, 1

where σ1 and σ2 are the radial and latitudinal stresses,
respectively; r1 and r2 are the radial and latitudinal radius
of curvature, respectively; P is the differential pressure;
and t is the thickness. In the two-dimensional model, (1)
is simplified:

σ

r
= P

t
, 2

where σ is the canopy stress, and r is the widthwise radius of
curvature. The widthwise variation of pressure is neglected,
and the canopy stress is constant in each cell, so the cells
must be inflated to a circular arc.

Figure 2 presents the 2D geometrical configuration of
balloon cells. The ribs are simplified as straight lines and
the upper and lower surfaces are simplified as a circular arc
with radius r. The cell coordinate system is established to
analyze the deformation of the cell. The y-axis is parallel to
the rib and the x-axis is perpendicular to the rib. When
the parafoil is in steady flight, every cell structure is in
equilibrium, and the vector sum of the forces acting upon
it is zero. Because the lift of the parafoil is mainly provided by
the upper surface, the aerodynamic pressure load is entirely
applied on the upper surface. The pressure on the lower
surface is equal to the stagnation pressure. By analyzing the
forces on the rib, upper and lower surface, the equations
are listed as follows:

T1 cos φ + T2 cos φ = P2h, 3

2T1 sin φ = P1w, 4

2T2 sin φ = P2w, 5

where T1 and T2 represent the tensions per unit chord of
upper and lower surface, respectively; P1 and P2 represent
the differential pressure on upper surface and the stagnation
pressure, respectively; h and w represent the height and
width of the cell, respectively; and φ represents the half of
the central angle.

As is mentioned above, the difference between P1 and P2
is the aerodynamic pressure load:

P1 = P2 +
1
2CL

′ρV2 = 1 + CL′ 1
2 ρV

2 = 1 + CL′ P2 6

Here, ρ is the air density; V is the parafoil velocity; and
CL′ is the lift coefficient defined in the cell coordinate system.

Equation (5) is subtracted from (4) and combined with
(6), resulting in (7) below:

T1 = T2 +
P1 − P2 w
2 sin φ

= T2 + CL′ P2w
2 sin φ

= 1 + CL′ T2

7

Equation (7) is substituted into (3), resulting in (8) below:

2 + CL′ T2 cos φ = P2h 8

Figure 1: Photograph of parafoil in flight.

w

h

w’

r

T2

X

Y

T1

φ

φ

P2

P1

T1

T2

h’

Figure 2: Two-dimensional model of balloon cells.
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Equation (9) can be derived by the division operation of
(8) and (5):

φ = atan w
h
2 + CL′

2 9

According to the geometric relationship shown in
Figure 2, the ratio between the arc length w′ and the
width w can be indicated as follows:

r = w′
2φ = w

2 sin φ
, 10

η1 = 1 − w

w′
= 1 − sin φ

φ
, 11

η2 =
h′ − h
h

= 2r 1 − cos φ
h

, 12

where η1 and η2 are defined as the shrinkage ratio and the
bump ratio of the cell, respectively. Because the cell height
is mainly concentrated around the rib peak, the cell height
of the parafoil is set as the thickness of the rib. The flexible
lines can only restrict the relative position of the intersection
point of the lines and the connection point of the ribs;
therefore, the ribs can move easily on the arc whose center
is the intersection point and radius is the line length. The
move is similar to the contraction of the accordion and
leads to a large difference between the deformed shape and
the design shape of the parafoil.

To validate the spanwise model, the fluid-structure
interaction (FSI) simulation using the commercial solver
ANSYS has been carried out in our previous work [13]. The
grid of the parafoil system is shown in Figure 3. The canopy
is divided into triangular membrane elements. The two
intersection points of the suspending lines are fixed, and in
order to avoid the rigid body motion, the symmetrical
boundary condition is applied in the middle of the parafoil.
The internal and external pressure distributions on the
canopy, which were calculated at the angle of attack of 5°

using CFD method, were transferred to the canopy structure
through mapping interpolation. To avoid divergence, the
load was applied on the canopy in a way that it increased
linearly with the substeps.

The deformed parafoil obtained from the fluid-structure
interaction (FSI) simulation is presented in Figure 4. The
deformation is not amplified, and its scale is in accordance
with the geometric dimensioning of canopy. The bumps of
cells are clearly visible. It can be seen from Figure 4(a) that
the inflated canopy reduces the span which is equal to the
width of two cells. The actual span in the flight reduced by
13% compared to the designed span. The maximum thick-
ness of the airfoil Clark-Y18 is 18%c, but it will increase to
26%c after the bumps appear.

The cell ratio h/w, stagnation pressure P2, thickness
t, and cell lift coefficient CL′ in the case shown in
Figure 3 are 0.9, 61.25 Pa, 1mm, and 0.55, respectively.
These parameters are substituted into (9), (10), and
(11), then the shrinkage ratio is 14.6% and has little

difference with the value of 13% presented earlier. The
radius of curvature r for the cell is 0.1m. The bump
height h′ is 26%c and is equal to the previous value of
26%c. A comparison of the two sets of shrinkage ratio
and bump height validates the two-dimensional simplified
model. The stress of the lower surface calculated by (2) is
6000Pa, so the strain of the canopy is very small. The
parafoil is a typical large deformation small-strain struc-
ture, and the deformation is determined by geometrical
configuration rather than material characteristics.

The relationship between the shrinkage/bump ratios
and the cell ratio h/w with different CL′ values is plotted
in Figure 5. When the cell ratio is 1.8, the bump ratio is
very close to the wind tunnel test result 18%c to 23%c
[7]. As can be seen from the curves, the cell is slenderer,
the shrinkage ratio and bump ratio are smaller, and the can-
opy surface is smoother. This is why some high-performance
paragliders are composed of numerous cells. When the cell
ratio is greater than 2, the bump ratio changes little, so the
design value of 2 is recommended. The cell ratio is decreased,
and the shrinkage ratio is increased from the peak to the
trailing edge, so the angle of sweepback shows up. The
shrinkage and the bump ratios are increased a bit with the
increase of CL′, and the effect of CL′ is great at the medium
cell ratio. It means that the aerodynamic shape of the
parafoil will change a little with different angles of attack.

The shrinkage and bump ratios are ineradicable. Form
rib peak to trailing edge, the cell ratio is monotonously
decreasing, consequently, so is the shrinkage ratio. The
canopy is made of pieces of cloth. If the pieces of upper and
lower surface are designed to be the strips of uniform
width, the parafoil is likely to be malformed. The ideal cells
of uniform width become wide in the front and narrow in
the back after ballooning. This generates the angle of sweep-
back described previously. In order to guarantee the spanwise
appearance, the design of every cell upper and lower surfaces
needs to provide margin. A piece of upper or lower surfaces is
no longer a rectangular shape. The surcharge is computed by
the shrinkage ratio along the chordwise for a CL value of
0.55. A piece of wider and ideal lower surface for parafoil
described previously is shown in Figure 6.

The ribs are made of textile material, so they can only
bear tension. The expression for calculating the tension

Figure 3: Meshes of the parafoil.
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per unit chord of the rib T3 can be derived from (4)
and (5):

T3 = 2T1 sin φ − 2T2 sin φ = P1 − P2 w = CL′P2w 13

Apparently, the tension of the rib is the lift defined in the
cell coordinate system. The physical significance is that the
ribs and suspending lines are medium for the lift transmis-
sion from the upper surface to payload. Compared with the
inflated wing [14], the internal pressure of the parafoil is
too small, and the bearing capacity of inflated canopy
without the tensile suspending line can be neglected. If the
tensions of the ribs in some cells become zero, the ribs and
suspending lines will be slacked, and the parafoil structure
will collapse. According to (15), the critical pressure on the
upper surface is CL′P2. This critical pressure is not the
normal aerodynamic load but the perturbation caused by
crosswind. This illustrates that the parafoil with large wing
loading has a high ability to resist wingtip collapse. For the
flight parameters, the critical pressure is 33.7 Pa for the

(a) Top view (b) Front view

Figure 4: Deformed configuration of a parafoil.
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Figure 5: Relationship between shrinkage/bump ratio and cell ratio.
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Figure 6: Pieces of ideal and wider lower surface.
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deformed parafoil shown in Figure 4. This pressure is much
lower than the differential pressure of the canopy, which is
often considered the critical pressure of wingtip collapse in
previous research.

The nonlinear buckling analysis for wingtip collapse of
the deformed parafoil shown in Figure 4 was carried out.
According to the relationship between the displacement
and the load in Figure 7, the critical pressure on the wingtip
is 32.9 Pa. The error between this critical pressure and the
result above is 2.4%, showing that the two-dimensional
model of wingtip collapse can reproduce the phenomena
with a low margin of error.

3. Chordwise Structure Model

After the inflating deformation of cell, the parafoil can bear
aerodynamic load. The inflated canopy should twist under
the action of chordwise aerodynamic moment. Compared
with the spanwise bumps, the torsion has a completely
different mechanism. It is caused by the aerodynamic
loading and varied with flow velocity. As is mentioned
above, the bearing capacity of inflated canopy without the
tensile suspending line can be neglected. The aerodynamic
loads of each cell are directly transmitted to payload by the
ribs and suspending lines attached on each cell. The force
transmission between cells is negligible, so the analysis of
the chordwise torsion can focus on a cell and the suspending
lines. Hence, the torsion of parafoil can be simplified to
two-dimensional chordwise model.

The two-dimensional chordwise sketch of parafoil is
shown in Figure 8. Due to the constraint of line OB, the cell
in front of line OB can rotate around point B. When the cell
presents an upward rotation angle θ under the aerodynamic
moment, the line OA will be stretched and the elongation is
lθ; l is the distance between points A and B. Hence, the elastic
restoring moment of line OA is l2θ/L1 EA. Here, L1, E,
and A are the length, elasticity modulus, and sectional area
of line OA, respectively. The torsional rigidity of the cell is
shown below:

Kθ =
l2

L1
EA 14

The initial angle of attack is α0, and the free-stream
velocity is V . Due to the elasticity of parafoil structure, the
new equilibrium at angle of attack α = α0 + θ will be estab-
lished under aerodynamic load. The additional angle θ is
defined by torsional rigidity and aerodynamic load, but the
aerodynamic load is also affected by θ. According to aerody-
namics, the aerodynamic load is composed of the lift force L
applied on the aerodynamic center and the nearly invariable
moment M0 about aerodynamic center. The lift L and the
aerodynamic moment M about point B are shown below:

L = CL′qS = ∂CL′
∂α

α0 + θ − αzl qS, 15

M =M0 + Lf =M0 +
∂CL′
∂α

α0 + θ − αzl qSf 16

Here, CL′ is the lift coefficient defined in the cell
coordinate system; q is the dynamic pressure; S is the
reference area of the cell; αzl is the zero lift angle of attack;
and f is the distance between the aerodynamic center and
point B.

The aerodynamic moment is equal to the elastic moment,
so the equilibrium equation can be written as below:

Kθθ =M0 +
∂CL′
∂α

α0 + θ − αzl qSf 17

The term θ is moved to the left:

Kθ −
∂CL′
∂α

qSf θ = ∂CL′
∂α

qSf α0 − αzl +M0 18

Hence, the expression of θ is shown below:

θ =
∂CL′/∂α qSf α0 − αzl +M0

Kθ − ∂CL′/∂α qSf
19

Figure 7: Load-displacement curve of deformed canopy.
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When the dynamic pressure q reaches a particular
value, the denominator in the equation becomes zero
and θ is infinity, and the parafoil structure will crash.
The critical dynamic pressure qD can be written as below:

qD = Kθ

∂CL′/∂α Sf
= l2

∂CL′/∂α Sf L1
EA 20

This critical dynamic pressure is aerodynamic load of
incoming flow, rather than the perturbation load for wingtip
collapse discussed in Section 2. According to the equation
above, when the cell width is constant, the critical dynamic
pressure of the parafoil amplified k times reduces k times.
The structure stability of a large parafoil needs special con-
sideration. The similar conclusion can be drawn by the wind
tunnel test [2].

The calculating example is a large rectangular parafoil
used in rocket booster recovery. Its design parameters are
presented as follows: the baseline airfoil is Clark-Y18, the
span length is 48m, and the chord length is 16m. The
front projection of the canopy is a quadrant arc and its
radius is 32m. There are four chordwise join points
between the ribs and suspending lines on the lower aerofoil.
The diameter of the lines is 3.2mm and its material is
Kevlar29. The elastic modulus of this material is 97GPa.
The lift-curve slope ∂CL′/∂α defined in the cell coordinate
system is 0.044 deg−1 and f is 5%c. According to (14), the
torsional rigidity of the calculating example is 25,600Nm.
According to (20), the critical dynamic pressure is 5340Pa.
If the maximum dynamic pressure in booster recovery
process is larger than 5340Pa, the recovery mission is likely
to fail. Increasing the section area of suspending lines
can enlarge the critical dynamic pressure to improve the
reliability of recovery.

The large sectional area of suspending lines results in
major drag and large weight. The sectional area should be
as little as possible under the premise of safety. The relation-
ship between torsion angle θ and dynamic pressure with
different torsional rigidity is plotted in Figure 9. The torsion
angle of the calculating example is within the acceptable
range. In the case of one-tenth sectional area of suspending
lines, the torsion angle is too large. Therefore, the design
parameters of line OA have significant effects on the struc-
tural stiffness of large parafoil.

4. Conclusion

According to the structural characteristic of parafoil, this
study has established the spanwise and chordwise structure
model of parafoil. The effects of design parameters on
deformation and safety of large parafoils are analyzed. This
may be useful for the preliminary parafoil design in rocket
booster recovery. From the results, the following conclusions
are drawn:

(1) Due to the constraint of flexible ropes, after inflation,
the parafoil will greatly distort in comparison to its
ideal design shape. For the analyzed parafoil with cell

ratio 0.9, the actual span of the parafoil reduces by
13% compared to the designed span; the maximum
thickness of the airfoil Clark-Y18 increases to 26%c
after the bumps appear.

(2) The spanwise model is useful for the weakening
deformation design and the margin design of the
upper and lower piece of the cell. The cell is slenderer
and the canopy surface is smoother. The design value
of 2 for the cell ratio is recommended. The aerody-
namic load has a bit of effect on the shrinkage and
bump ratios.

(3) The critical disturbance load of wingtip collapse is
much lower than the difference of pressure inside
and outside. The parafoil with large wing loading
has high ability to resist wingtip collapse.

(4) When the cell width is constant, the critical dynamic
pressure reduces k times with the k times increasing
in parafoil area. The design parameters of line OA
have significant effects on the structural stiffness of
large parafoils. Increasing the section area of line
OA can enlarge the critical dynamic pressure to
improve the reliability of booster recovery.

Nomenclature

P: Differential pressure
t: Canopy thickness
σ: Canopy stress
r: Widthwise radius of curvature
T1: Tension per unit chord of upper surface
T2: Tension per unit chord of lower surface
T3: Tension per unit chord of the rib
P1: Pressure on upper surface
P2: Stagnation pressure

K = 2560 Nm
K = 25600 Nm

250100 150 200500
q (Pa)

0

2

4

6

8

10

12

14

�휃 
(°

)

Figure 9: Relationship between torsion angle and dynamic
pressure.
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h: Height of cell
w: Width of cell
φ: Half of the central angle
CL′: Lift coefficient defined in the cell coordinate system
η1: Shrinkage ratio of cell
η2: Bump ratio of cell
l: Distance between points A and B
θ: Upward rotation angle
L1: Length of line OA
E: Elasticity modulus line OA
A: Sectional area of line OA
Kθ: Torsional rigidity of cell
S: Reference area of the cell
f : Distance between the aerodynamic center and point B.
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