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Abstract 

Owing to the advantages of wire-driven parallel manipulator, a new wire-driven parallel suspension system for airplane model 
in low-speed wind tunnel is constructed, and the methods to measure and calculate the aerodynamic parameters of the airplane 
model are studied. In detail, a static model of the wire-driven parallel suspension is analyzed, a mathematical model for describ-
ing the aerodynamic loads exerted on the scale model is constructed and a calculation method for obtaining the aerodynamic 
parameters of the model by measuring the tension of wires is presented. Moreover, the measurement system for wire tension and 
its corresponding data acquisition system are designed and built. Thereafter, the wire-driven parallel suspension system is placed 
in an open return circuit low-speed wind tunnel for wind tunnel tests to acquire data of each wire tension when the airplane 
model is at different attitudes and different wind speeds. A group of curves about the parameters for aerodynamic load exerted on 
the airplane model are obtained at different wind speeds after the acquired data are analyzed. The research results validate the 
feasibility of using a wire-driven parallel manipulator as the suspension system for low-speed wind tunnel tests. 
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1. Introduction1 

As a new type of parallel manipulator, the wire- 
driven parallel manipulator has advantageous charac-
teristics such as simple and reconfigurable structure, 
large workspace, high load capacity, high load/weight 
ratio, easy assembly/disassembly, high modularization, 
low cost and high speed[1-3]. 

With the recent development of parallel mechanism 
and force control technology, a new concept has been 
proposed by French National Aerospace Research 
Center (ONERA) in the active suspension for wind 
tunnel tests (SACSO) project which uses wire-driven 
parallel manipulator as aircraft model suspension sys-
tem in low-speed wind tunnel tests[3-4]. As a new 
soft-style suspension, the wire-driven parallel suspen-
sion system can preferably solve the contradiction be-
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tween the brace stiffness and the aerodynamic inter-
ference. It is suitable for different kinds of aircraft’s 
wind tunnel tests such as missile dynamics and flight 
control, because the suspension system can not only 
decrease interference effects, but also bring large an-
gles of attack and sideslip of the model[5-11]. The 
SACSO project supported by ONERA has been carried 
out for more than eight years. The research results 
have been applied to vertical wind tunnel tests with 
wind speed at 35 m/s for conceptual design of fighter. 
However there is nothing related to measurement of 
dynamic derivatives in the open literature about 
SACSO project[4,12-15]. 

We have investigated wire-driven parallel suspen-
sion system for many years and have obtained some 
results[16-17]: the design of the mechanisms, studies on 
attitude control of the model, and kinematic calibration. 
Besides, a prototype wire-driven parallel suspension 
system with eight wires has been built up to achieve 
the model’s six degrees of freedom (6-DOF) motion 
control and single-DOF oscillation control. In this arti-
cle, a measuring system is installed upon the prototype 
to detect the wires’ tensions, and then the suspension Open access under CC BY-NC-ND license.
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system is placed in an open return circuit low-speed 
wind tunnel for tests. According to the data of each 
wire tension, a method to calculate the aerodynamic 
parameters of the model is given, and the curves of 
model’s aerodynamic parameters are obtained. The 
research results show that, the wire-driven parallel 
suspension system can be used in low-speed wind 
tunnel tests, and the method to calculate the model’s 
aerodynamic parameters by measuring the wire tension 
is feasible.  

2.  Wire-driven Parallel Suspension System and its 
Structural Parameters 

As shown in Fig.1, the suspension for wind tunnel 
test in this article is a 6-DOF wire-driven parallel sus-
pension system with eight wires (WDPSS-8). The 
mechanism theory and the robot technology are ap-
plied to the design of the prototype and motion control 
of the model. 

 
Fig.1  Prototype of WDPSS-8. 

The structural parameters of WDPSS-8 prototype 
are shown in Fig.2. For the convenience of expression, 
the model plane is simplified as a cross, and the inter-
section point P is regarded as the origin point of the 
moving coordinate system (PxPyPzP). The model can 
rotate around the point P. Then the pose of the model 
plane referenced to the fixed coordinate system (OXYZ) 
can be expressed by X = [XP Xang]T, where XP is the 
position vector of point P, Xang is the attitude vector of 
the model, which includes the roll angle γP (rotation 
around OX axis positive direction), the pitch angle αP 
(rotation around OY axis positive direction) and the 
yaw angle βP (rotation around OZ axis positive direc-
tion). The dimensions of the prototype are determined 
by the size of a certain open return circuit low-speed 

wind tunnel. The positions of point-shaped joints on 
the prototype are also confirmed. Therefore, the point- 
shaped joints, Bi (i = 1,2,…,8), in the fixed coordinate 
system can be expressed as B1(B2)：(0,0,0), B3(B4): 
(0,0,1 060), B5(B6): (0,−410,530), B7(B8): (0, 410,530). 

 

Fig.2  Structural parameters of WDPSS-8. 

The positions of the connection points Pi(i=1,2,…,8) 
between wires and model in the moving coordinate 
system are P1(P5,P8): (−150,0,0), P2(P6,P7): (120,0,0), 
P3: (0, 142.5,0), P4: (0,−142.5,0). The values of the 
connection points are related to the dimensions of the 
model plane. 

In Ref.[16], the feasibility of 6-DOF wire-driven 
parallel suspension system is theoretically analyzed, 
the control platform has been built up, and various 
motion controls of the model such as single-DOF rota-
tion, combinational DOF rotation, free flight, single- 
DOF dynamic derivative tests have been implemented. 
The achievements in Ref.[16] pave the way to adjust 
and determine the pose of the model plane conven-
iently which will be discussed in the next sections. 

3. Mathematical Modeling of Aerodynamic Pa-
rameters 

3.1. Static model 

To obtain the model’s aerodynamic parameters is the 
main purpose in wind tunnel tests. In this article, the 
model’s aerodynamic parameters are calculated through 
different aerodynamic loads before and during wind 
tunnel tests. Thus, the aerodynamic parameters can 
be calculated by measuring the driving wires’ ten-
sions. 

Tension is the only force acting upon the wire and 
its direction is always along the wire. The model’s 
pose and motion are controlled by changing the wires’ 
length. It means that when the model’s attitude changes, 
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the wires’ directions and tensions also change. So, it is 
necessary to determine the wires’ direction at any atti-
tude of the model. To solve this problem, the relation-
ship between the wires’ length and the relative spatial 
position of the model is calculated first. 

As shown in Fig.3, let i i i iB P= = −L P Bi (i=1,2, …, 
8), then the length of each wire can be denoted by li = 
||Li|| = || Pi－Bi|| (i=1,2,…, 8), and the unit vector of Li 
is denoted by ui = Li /li,(i=1,2, …, 8). According to the 
inverse kinematic models, if the pose (X) of the model 
is known, the position vector of the connection points 
Pi, XPi=[XPi  YPi  ZPi]T, (i=1,2, …, 8), can be given in 
the static coordinate system OXYZ by[16] 

P

Pi P Pi

i Pi P Pi

Pi P Pi

X X x
Y Y y
Z Z z

⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥= = +⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

X R        (1) 

where R is coordinate transformation matrix. In detail, 
the R matrix can be shown as 
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Fig.3  Kinematical notation of wire-driven parallel 

manipulator.  

Let ti represent each wire’s force value, then the ten-
sion of each wire exerted on the model can be given by 
Ti = −ti ui(i=1,2,…,8), where the minus means the di-

rection of Ti is contrary to that of ui. Let i iPP=r . 
When the model is in wind tunnel test, there are forces 
exerted on the model, such as gravity, aerodynamic 
forces (including lift, drag and aerodynamic moments). 
In order to make the model keep a certain pose, the 
forces of driving wires should be greater than zero. 

Suppose the model is exerted by pull forces of wires, 
gravity and aerodynamic forces, but still keeps in bal-
ance, the statics equilibrium equation can be denoted 
by 

8
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where FA and MA are the aerodynamic force and the 
aerodynamic moment exerting on the model respec-
tively, FG is the model’s weight, Ti and Mi are the ith 

wire’s tension and the moment exerting on the model 
by the wire. 

Moreover, Ti and Mi can be denoted respectively by 
8 8

1 1
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Let T = [T1 T1 … T8]T represent the matrix of wires’ 
tensions, WR = [FR  MR]T represent the wrench. Then 
WR can be given by 

WR=JT T                (6) 

In Eq.(6), the values of Ti (i=1,2,…, 8), denoted as  
ti (i =1,2,…,8), can be measured by eight force sensors 
directly, and JT is the Jacobian matrix expressed as 

T i

i i

−⎡ ⎤
= ⎢ ⎥×⎣ ⎦

u
J

u r
             (7) 

JT varies as the attitude of the model changes. 

3.2. Calculation of aerodynamic parameters 

Wind tunnel is crucial equipment for the develop-
ment of aeronautics and astronautics. Wind tunnel test 
is an indispensable step in the research and develop-
ment of aircraft in that it is an effective way to obtain 
aircraft’s aerodynamic parameters. The wind tunnel 
tests in this article are performed by placing the 
WDPSS-8 in an open return circuit low-speed wind 
tunnel. The aerodynamic forces can be obtained based 
on the change of wires’ tensions before and during the 
wind tunnel test. 

For convenience, subscripts “0” and “W” in this ar-
ticle represent the parameters before and during wind 
tunnel test, and subscript “A” represents the aerody-
namic parameters. 
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Before the wind tunnel test, the model is in a ba-  
lancing state with the action of gravity and wires’ ten-
sions[17-18]. Then, according to Eq.(3), the static equi-
librium equation can be given by 
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where Ti,0 (i=1,2,…, 8) and Mi,0 (i=1,2,…, 8) are the 
spatial force system and the spatial moment system of 
the eight driving wires before test respectively. 

During wind tunnel test, the model is exerted by the 
aerodynamic force besides the gravity and the wires’ 
tensions. However, the model is still in a balancing 
state. At this time, the statics equilibrium equation can 
be given by 
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where Ti,W (i=1,2,…,8) and Mi,W (i=1,2,…,8) respec-
tively express the spatial force system and moment 
system of the driving wires, and FA,W and MA,W re-
spectively express the aerodynamic forces and mo-
ments acting on the model by the blowing. 

Based on Eq.(6), Eqs.(8)-(9) can be expressed in 
matrix as 
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Then the aerodynamic forces can be calculated by 
subtracting Eq.(11) from Eq.(10): 

[ ]

A,W T
0 W

A,W

T

( )

X Y Z X Y ZF F F M M M

⎡ ⎤
= − =⎢ ⎥

⎣ ⎦

F
J T T

M

     (12) 

where FX is drag, FY sideslip force, FZ lift, MX roll 
moment, MY pitch moment, and MZ yaw moment. 

According to the aerodynamics, the aerodynamic 
parameters can be determined by 
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where CZ and CX respectively stand for the lift coeffi-
cient and drag coefficient of the model, K is the 
lift-drag ratio, ρ the density of airflow, v the velocity 
of airflow, and S the reference area of the model[19]. 

3.3. Brief description of force-measurement system 

The force-measurement system shown in Fig.4 is 
composed of power, force sensors, transducers, inter-
face circuit and data acquisition card. 

 
Fig.4  Block diagram of data-acquisition module of force-

measurement system. 

The power makes sure that the sensors, transducers 
and interface circuit could work steadily under the 
12 V direct current. The changes of tensions are meas-
ured by sensors and transmitted to the transducers. 
After the signals are regulated and patched into corre-
sponding channels, the analog signals are converted 
into digital data, then acquired by the data acquisition 
card and transmitted into the control computer for fur-
ther processing[20]. 

4. Wind Tunnel Tests and Results 

4.1. Wind tunnel and airplane model 

As shown in Fig.5, the model is suspended by 
WDPSS-8 in the open return circuit low-speed wind 
tunnel for tests. The size of the tunnel cross section is 
520 mm × 420 mm, and the airflow speed can be ad-
justed among 0-50 m/s. 

 
Fig.5  WDPSS-8 suspension system in wind tunnel. 

Because the main purpose of the study is to verify 
the feasibility, advantages and disadvantages of the 
method of using WDPSS-8 in wind tunnel tests to ob-
tain the model’s aerodynamic parameters, instead of 
discussing the aerodynamic performance of the model, 
the plane model can be designed as simply as possible. 
Therefore the actual model is not a standard scaled 
model as designed in Fig.6. The body of the model in 
Fig.6 is designed as 270 mm long and 285 mm wide in 
the wing span. For the convenience of measurement, 
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the model is divided into two parts and is made hollow 
in order to place the sensor and other units. The model 
is designed in the SolidWorks environment and manu-
factured with the help of rapid prototyping system 
HRPL-II. 

 

Fig.6  Structural sketch of airplane model. 

4.2. Results of wind tunnel tests 

The tests have been conducted at different wind 
speeds by setting the model at different pitch or yaw 
angles in the wind tunnel respectively. The eight wires’ 
tensions in all test conditions are measured and the 
experimental data are acquired and processed. There-
fore, the aerodynamic loads exerting on the model can 
be calculated with the acquired data according to 
Eqs.(8)-(12). 

(1) Variation of wires’ tensions 
As shown in Fig.5, to observe the variation of eight 

wires’ tensions, the model is at tests under the condi-
tions of three wind speeds, i.e. 17.25 m/s (Flow 1), 
25.51 m/s (Flow 2), and 41.42 m/s (Flow 3). The 
variations of wires’ tensions are shown in Figs.7-8 in 
which the pitch angle of the model is set at 0° and 15°, 
respectively. 

 

Fig.7  Tension of each wire in blowing (αP = βP = γP = 0°). 

 

Fig.8  Tension of each wire in blowing (αP = 15°, βP = γP=0°). 

The values given in Figs.7-8 are the differences of 
wires’ tensions before and during the tests. They show 
that the wires’ tensions rise as the wind speed increases. 
It can also be seen from Fig.7 that the variation ten-
dencies of each two wires are symmetric, when the 
model is in the zero pose (αP =β P = γP = 0°). This char-
acter is consistent with symmetric configuration of 
WDPSS-8. However, the variations will not be sym-
metric any more when the attitude of the model is 
changed. In this case, the tensions of the wires control-
ling the pose of the model increase or decrease. 

(2) Curves of aerodynamic coefficients 
The aerodynamic parameters including the drag, si-

deslip, lift and the moments acting on the model can be 
calculated in accordance with Eqs.(8)-(12) with the 
acquired test data. Aerodynamic coefficients, which 
include coefficients of lift, drag and lift-drag ratio, can 
also be obtained conveniently according to Eqs.(13)- 
(14). The changes of the aerodynamic coefficients vary 
with the changes of attitude. 

The variation curves of aerodynamic coefficients are 
shown in Figs.9-11 when the model is at different 
pitch angles at three different wind speeds mentioned 
above. 

 

Fig.9  CZ curves for pitching lift coefficient (βP = γP = 0°). 

There are no aerodynamic coefficient data in litera-
ture for reference, because the model used is not a 
standard scale model. But, it can still be concluded that 
the variation trends shown in Figs.9-11 are reasonable. 
The figures also show that when the self-designed 
model is at zero pose, the drag is at the lowest point;  
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Fig.10  CX curves for pitching drag coefficient (βP = γP = 0°). 

 
Fig.11  K curves for pitching lift-drag ratio (βP =γP = 0°). 

when the model’s pitch angle is near 5°, the lift-drag 
ratios are higher with better aerodynamic performance. 

The lift-drag ratios are shown in Fig.12 when the 
model is at different yaw angles and wind speeds. 

 
Fig.12  K curves for yawing lift-drag ratio (αP = γP = 0°). 

The aerodynamic moment data are also acquired by 
changing the attitudes of the model and wind speeds 
through wind tunnel tests. 

The curves of aerodynamic moments varying with 
wind speed are shown in Fig.13 (αP = γP = βP = 0°). In 
theory, due to the model’s symmetry, the roll moment 
MX and yaw moment MZ should both equal zero. But 
the measured moments are not zero as shown in Fig.13. 
It is probably because the model is not aligned to the 
airflow. After all, the prototype is still at the starting 
stage, and the research on the measurement of model’s 
attitude is immature in terms of measuring accuracy. 
The pitch moment MY appears to be nose-down mo-
ment, which is probably related to the configuration 
of the model. Nevertheless, the results are reason-
able. 

 
Fig.13  Aerodynamic moments vs wind speed. 

(3) Curves of aerodynamic moments 
The variations of aerodynamic moments are also 

obtained in the wind tunnel tests by setting the model 
at different attitudes and blowing speeds. 

Fig.14 shows the influence of pitch angle αP on the 
pitch moment at different airflow speeds. The values 
of pitch moments are close to zero when the pitch an-
gle αP is between 5° and 10° rather than at 0°. Such 
results are probably caused by the non-standard design 
of the model plane. When the pitch angle αP is less 
than 5°, the model is subjected to nose-down moments 
and when the pitch angle αP is much larger, it is sub-
jected to nose-up moments. The facts prove that the 
results accord with the physical meaning. 

 
Fig.14  Pitch moment MY vs pitch angle αP (βP = γP = 0°). 

The aerodynamic moments (including pitch moment 
MY, yaw moment MZ and roll moment MX) varying 
with the yaw angles are also shown in Figs.15-17. The  

 
Fig.15  Pitch moment MY vs yaw angle βP (αP =γP=0°). 
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Fig.16  Yaw moment MZ vs yaw angle βP (αP = γP = 0°). 

 

Fig.17  Roll moment MX vs yaw angle βP (αP = γP = 0°). 

variations of the moments are not only related to the 
model’s attitude and the airflow speed, but also influ-
enced by the model’s configuration. 

5. Conclusions 

(1) A type of suspension for wind tunnel test is pro-
posed and the prototype of wire-driven parallel sus-
pension system (WDPSS-8) is built up. The analysis of 
the static model is applied to the WDPSS-8. In order to 
obtain the aerodynamic parameters, a system of meas-
uring wires’ tensions including the data collection and 
processing is constructed. The mathematical model of 
the test system is built. A method of calculating 
model’s aerodynamic parameters by experimental data 
is presented. 

(2) The WDPSS-8 is placed in an open return circuit 
low-speed wind tunnel for tests. According to the 
measured wires’ tensions, the variations of aerody-
namic parameters with pose angle and airflow speed 
are presented. The results are analyzed. 

(3) The study in this article is still at the exploring 
stage, and none of the related authoritative data can be 
compared with the results obtained at present, for the 
model used in tests is non-standard. However, the test 
results’ reasonability has validated the feasibility of 
using a wire-driven parallel manipulator as the suspen-
sion system for low-speed wind tunnels. 
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