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Abstract 

Taking the large deflection of flexible cables used in spacecrafts into account, a method is 

proposed to describe the position of any point on the cable using sagittal diameter, pitch angle, 

and deflection angle. Furthermore, the spatial attitude of the cable is determined using the 

mutual conversion of four coordinate systems. On the basis of the above, a mechanics model 

that comprehensively considers physical factors, such as mass, mechanical properties, and 

space constraints, is proposed in this paper. The forces and spatial attitudes of the equilibrium 

of the cable are also analyzed. In addition, Simulation analyses of the proposed mechanics 

model are performed. Results are in reasonable agreement with the actual assembly 

environment. 

Keywords: Flexible cable, Mechanics modeling, Environmental constraints, Simulation 

analysis 

 

1. Introduction 

Flexible cables are important components in mechanical and electrical products for satellites. 

Cables inside the satellite are mainly used to ensure signal transmission and communication 

between satellites and the ground. Moreover, these cables help transfer energy for all 

components. According to statistics, cables and power sources may account for 20% to 30% of 

the total weight of a satellite because of their complexity and variety [1]. Complex structures 

and unreasonable cable planning can result in a number of problems, such as chaotic structures, 

interferences, and poor communications [2]. Furthermore, the cost of launching is restricted by 

the weight of the satellite. However, the quality optimization of the satellite structure or other 

components is increasingly difficult to achieve. Therefore, we aim to develop mathematical 

models that can be used to reliably predict the dynamic performance of cables inside satellites, 

and to provide a theoretical basis for reasonable path planning. 

Cables have flexible bodies with large deflection, complex shapes, a variety of types, and 

limited assembly space. Meanwhile, Interferences, electrical interfaces, the physical properties 

of the cable, and other factors need be considered in the assembly process. Thus, the basis of 

cable wiring is cable modeling, which includes the constraints of physical properties. Although 

certain CAD software currently has the corresponding cable module, the cable is not treated as 

a flexible deformation in this software. The mass, bending strength, tensile strength, and other 

mechanical properties of the cable cannot be reflected. Therefore, this software cannot meet the 

required authenticity in cable planning simulation. Based on the physical characteristics of 

cable, German scholar Hergenrother proposed the virtual cable [3]. Loock and Rabaetje 

proposed a mass-spring model [4, 5]. American scholar Quisenberry put forward the lumped 
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mass discretization model [6]. However, these models mainly use discretization to adjust cable 

position by controlling points and fitting the cable geometry is difficult. Accordingly, cable 

models that can satisfy the geometry and physical properties of the cable at the same time need 

to be established. 

For the above, based on the flexible body of the cable, and considering winding, twisting, 

and other spatial attitudes of the cable, an appropriate method of expressing the spatial attitude 

of the flexible cable is proposed, and the equilibrium equations of the cable are established, in 

this study. Simulation calculations of the model are then performed, and the length, mass, and 

other parameters of the cable are predicted in order to replace the traditional simulation process 

involving artificial wood mold cabling. These methods can form a theoretical foundation for 

subsequent path planning studies and provide references for other flexible parts modeling. 

 

2. Establishment of Basic Space Coordinate Systems 

As shown in Figure 1, four coordinate systems are established. 1) Fixed inertial coordinate 

system: fixed coordinate system O-XYZ is established at an arbitrary point O in the assembly 

space of the cables. 2) Position and posture coordinate system: the cable attitude is described by 

the coordinate system P    , which is established at an arbitrary point P on the cable, where 

direction   is the tangential direction of the cable, direction   is the normal direction of the 

cable at point P, and directions  ,  , and   are orthogonal. 3) Arc coordinate system s along 

the center line of the cable. 4) Local coordinate system P-xyz is established at point P and is 

formed by the position and posture coordinate system with a rotation angle 
l

  around the axis 

 . 
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Figure 1. Basic Space Basic Coordinate Systems 

3. Expressions of Spatial Position and Posture of Flexible Cable 

To better express the spatial position and posture of the cable, the following idealized 

assumptions are made [7]: 

1) Cross sections of the cable are regular in shape, and do not change with time and cable 

length in this study. 

2) The center line of the cable is smooth and continuous, and the cable has a certain length. 

3) Tension and shear deformation of the cable caused by forces are ignored; the cross section 

and center line are always orthogonal. 
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4) The torsion of the cross section around the center line can be expressed by a continuous 

function. 

After establishing the coordinate systems, the position of arbitrary point P on the cable needs 

be determined in the fixed coordinate system. If the sagittal diameter is r, R = r, the pitch 

angle is 
f

 , and the deflection angle is 
f

 , then the position of this point can be expressed as: 

c o s c o s

c o s s in

s in

p f f

p f f

p f

X

Y R

Z

 

 



   

   
 
   

   
   

r
                                                   (1) 

where 
f

 , 
f

 , and R  are the single-valued function of s. 

After the arc coordinate system and the position and posture coordinate system are 

established at point P, direction   is taken as the tangential direction of the cable. The rotation 

angle of the cross section of the cable around the center line is 
l

 , and the local bending angle 

of the cable is 
l

 . The curvature   and deflection   are defined as follows: 

0

lim ,
l

l
s s


    

 


   


                                                    (2) 

According to the definitions of the curvature, deflection, and the attitude coordinate system, 

deriving each coordinate axis of the attitude coordinate system relative to the arc coordinate 

system is performed as follows: 
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where 
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A
                                                                 (4) 

is the transformation matrix between the position and posture coordinate system and the arc 

coordinate system. 

In the position and posture coordinate system, the curvature and deflection of the cable are 

two independent variables that determine the spatial position and posture of the cable, 

respectively. Thus, the direction vectors of the center line of the cable in the position and 

posture coordinate system can be clearly expressed by the curvature and deflection of the cable. 

The spatial attitude of the cable can then be completely determined using the defining variation 

law of torsion angle ( )
l

s . 

The motion of cable can be regarded as the motion synthesis of its rigid section along and 

around the center line. Therefore, the spindle coordinate system of section (P-xyz) is established 

in this rigid section. In this coordinate system base, the vectors of the coordinate axes are x, y, 

and z. Axis z coincides with the tangential direction of the cable  , that is, z =  . In addition, 

the rotation angle of the section relative to the position and posture coordinate system is 
l

 . 

Hence, the relationship between ( P    ) and (P-xyz) is expressed as: 

   
T T

B x y z                                                             (5) 
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where 

c o s s in 0

s in c o s 0

0 0 1

l l

l l

 

 

 

 

 
 
 

B                                                               (6) 

is the transformation matrix between the position and posture coordinate system and the local 

coordinate system. 

The above formulae show that the spatial position and posture of the cable in the local 

coordinate system can be determined using the curvature, deflection, and torsion angle.  

Let the included angle cosine of the coordinate axes between the local coordinate system and 

the fixed coordinate system be a, b, and c, respectively. Thus, the conversion relationship 

between these two coordinate systems can be expressed as: 

   1 1
T T

X Y Z x y z C
                                                  

 (7) 

where 

1 2 3

1 2 3
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C
                                                           (8) 

Until then, the position of an arbitrary point on the cable in the fixed coordinate system is 

expressed. The arc coordinate system, local coordinate system, and the position and posture 

coordinate system are established at this point. Meanwhile, the mutual conversion of these four 

coordinate systems can be realized using A , B , and C . Thus, the spatial position and posture 

of the cable is expressed clearly. 

 

4. Mechanics Model of the Cable Considering Physical Properties 

As shown in Figure 2, to establish the mechanics equations, an arbitrary section of the cable 

is taken as the analysis object, and mechanics analyses are applied to the coordinate systems 

established earlier. 
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Figure 2. Mechanics Model of the Cable 

Arbitrary motion of the cable is performed under the given forces and torques, where the 

degree of bending and torsion is   at arbitrary point P. The density   and section area S  of 
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the cable are also defined. At point P, the principal vector and principal torque of the negative 

section with the internal force of the adjacent section are F  and M , and are ( F F  ) and (

M M  ), respectively, at the adjacent point P  . In addition, the environmental force and 

environmental torque of the cable per unit length are f  and m , and the force and torque 

caused by deadweight of the cable per unit length are 
g

f  and 
fg

m , respectively.  

When the point P has a positive movement with unit velocity along the arc coordinate s, the 

section rotates relative to the fixed coordinate system O-XYZ with  . Therefore, the degree of 

bending and torsion   is defined as [8]: 

l

x y z

d
z

d s


                                                             (9) 

where 

s in , c o s ,
l

x l y l z

d

d s


                                                    (10) 

are the components of the degree of bending and torsion in every direction of the local 

coordinate system. 

The force conditions of the cable when it is in a balanced and static state are shown in Figure 

2. According to Newton’s second law and the Momentum Theorem, we obtain 

0
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If both sides of Equations (11) are divided by s , and let 0s  , then  
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After the parameters are derived from the local coordinate system p-xyz, according to the 

relationship between the absolute derivative and the relative derivative, we obtain 

0
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The projections of Equations (13) on the coordinate axes are shown as: 
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where 
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E  and G  denote elastic modulus and shear modulus, respectively. 

Substitute in Equations (15), then 
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The equilibrium equations of the cable can be obtained by simultaneously using Equations 

(14) and (17), where F  and   are unknown variables, and G , E , f , 
g

f , I , m , and 
fg

m  are 

known variables. Therefore, the balance equations are solvable. 

 

5. Simulation Examples 

Focusing on the copper cable whose section area is 10 mm
2
, When the curvature and the 

deflection of the cable are defined, the variation law of the direction vectors in the position and 

posture coordinate system can be obtained using equation (3).  

Let the curvature and deflection be 1, then a numerical integration is performed by using 

Runge-Kutta. When the initial coordinate of the cable is (1,1,1), the variation law of the 

direction vectors in the position and posture coordinate system is obtained as shown in a) of 

Fig. 3. When the curvature and deflection of the cable are fixed values, the spatial attitude of 

the cable center line shows a spatial circle in the attitude coordinate system.  

Likewise, let the length of the cable be 10 and the initial coordinate of the cable be (1,1,1). 

Several groups of the spatial attitude coordinates of the cable can be obtained when different 

curvatures and deflections are taken from Table 1. Furthermore, the length of the cable with the 

same iterative steps is obtained in each group. The spatial attitude coordinates of the cable with 

variable curvature and deflection are established. The simulation results of the cable obtained 

using visualization processing of the data are shown in b) of Figure 3. 

Table 1. Curvature and Deflection 

  0 0.1 0.5 1 1 5 2 0.7 0.9 

  0 5 2 1 0.7 0.1 0.5 1 0.8 
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When the curvature and deflection of the cable are with irregular variations along the cable, 

the attitude variations of the cable in the position and posture coordinate system are also 

irregular. When the torsion of the cable is not considered, the attitude of the cable is completely 

determined using the curvature and deflection of the cable. Bending deformations of the cable 

with external-force constraints are produced in many inflection points on the cable to adapt to 

the complex assembly space of the cable. Moreover, the curvature and deflection of the cable 

between the inflection points are constant. 

Considering the properties of the cable section and the rotations of the cable around the 

center line, when the torsion angle is changed uniformly, the coordinates of the position and 

posture coordinate system are transformed by means of transformation matrix B . The 

simulation results of the cable in the local coordinate system are shown in a) of Figure 4. The 

shape of the cable does not vary after the spatial attitude has transformed. And, the whole cable 

merely deflects around the coordinate axis. The simulation results coincide with the 

mathematical expressions. 

The attitude of the cable in the fixed coordinate system can be obtained from the local 

coordinate system by transformation matrix C . The local coordinate system is obtained by 

rotating the fixed coordinate system using the variation of the Euler angle and the translation 

between point P and the fixed point. Thus, if the values of the Euler angle range from 0 to 2π

with uniform change, the attitude of the cable in the fixed coordinate system can be obtained, as 

shown in b) of Figure 4. 

 

    
a)                                                   b) 

Figure 3. a) Cable Position and Posture with Fixed Curvature and Deflection;b) 
Attitude of Cable in the Position and Posture Coordinate System 

The cable attitude greatly changes in the fixed coordinate system because of the angle 

relationship between coordinate axes of the fixed coordinate system and the local coordinate 

system of the cable. From the view of operator, the attitude of the cable can be better controlled 

in real-time and the cable planning can be better realized because the fixed coordinate system is 

fixed in the assembly space. 
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a)                                                          b) 

Figure 4 a) Attitude of Cable in the Local Coordinate System; b) Attitude of Cable 
in Fixed Coordinate System 

The spatial attitude of the cable is maintained in the static state by the internal force of the 

cable, and its mathematical model is given by Equation (11). Given the initial deadweight 

force, deadweight torque, environmental distributed force, and environmental distributed 

torque, then the proposed model is solved by using Runge-Kutta. Hence, variation laws of the 

internal force and degree of bending and torsion of the cable are obtained. 

Physical properties and environment of the cable are considered in the establishment of the 

mechanics model. The initial force conditions of the cable are shown in Table 2. 

Table 2. Initial Force Conditions of the Cable 

Parameter symbol g x
f  

g y
f  

g z
f  

g x
m  

g y
m  

g z
m  

Value 1 1 1 1 1 1 

According to the equilibrium conditions of the cable, variation laws of the force and the 

degree of bending and torsion of the cable are calculated and shown in Figure 5. 

 

      
a)                                                                    b) 

Figure 5. a) Internal Force of the Cable in the Equilibrium State, b) Degree of 
Bending and Torsion of the Cable in the Equilibrium State 

The results show that to maintain the balance of the cable, the steady improvement trend 

with concussion of the force is presented with the increase in the length of the cable. The value 

of the initial force is not 0 in the origin because of the deadweight force and the spatial 
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constraint forces. The trend of the forepart of the curve has small amplitude fluctuations, and 

then gradually stabilizes at the latter part of the curve.  

The degrees of bending and torsion in directions x and y are stable with constant amplitude 

concussions. And, the degree of bending and torsion in the direction z has a linear relationship 

with the length of the cable. These results occur because that to maintain the equilibrium state, 

the torque of the cable is achieved using the component in direction z. 

Upon obtaining the degree of bending and torsion of the cable, the spatial attitude of the 

cable can be obtained using the relationships between the bending and torsion and the 

curvature, deflection, and torsion angle of the cable. Hence, the spatial attitude of the cable with 

the specific constraints can be obtained. 

 

6. Conclusions 

Taking the requirements for cabling into account, mechanics models that consider the 

physical properties of the cable are proposed. The variation laws of the spatial attitude, the 

motion parameters, and the internal force of the cable with constraints are analyzed in this 

study. 

1) The elastica equations of the cable are determined by using sagittal diameter, deflection 

angle, and pitch angle. Moreover, the spatial attitude of the cable is expressed by mutual 

conversion of four coordinate systems: fixed coordinate, position and posture coordinate, local 

coordinate, and arc coordinate systems. Three degrees of freedom, namely, curvature, 

deflection, and torsion angles, are then determined. 

2) Static equilibrium model of the cable is established. Upon selecting the spatial constraints 

and initial conditions of the cable, the variation laws of the cable parameters are obtained using 

a numerical method. The majority of the internal forces and degrees of bending and torsion of 

the cable are observed in the axial direction. Hence, these results are consistent with the 

requirements of actual cabling. 
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