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Abstract—Robot requests are increased by recent development 

of IoT, telemetry and human requirements in uninteresting or 

precision jobs such as surgery, industrial inspections or crops 

harvesting. Numerous robots are industrialized by researchers 

for various tasks. Flexible robots are developed based on 

declared requests since they can adapt their geometry to the 

working circumstances. Existing study presents a wire driven 

flexible robot enthused of animal organs such as octopus 

tentacles or elephant`s trunk. It can move in planar and space 

based on assembly of that. Primarily, a kinematic model 

founded to estimate end effector location, formerly a dynamic 

model established to compute essential tension of tendon based 

on bending beam theory. Moreover, effects of static and 

dynamical load applied on the WDFR are studied as external 

disturbances. A test rig is fabricated to assess attained models. 

The results demonstrate close convergence between tests 

outcomes and outputs of models. Accordingly, dynamic and 

kinematic models can be operated in design of controller in 

coming works. 

Keywords—Wire Driven Robot, Flexible Robot, Kinematics and 

Dynamics of Robot, Trajectory of Manipulator 

I. INTRODUCTION 

One of the applicable robots in various operations is wire 

driven flexible manipulator [1] which employed by 

researchers working in medical engineering field [2]-[5], fish 

inspired submarines [7]-[9], inspection of turbines etc. [6], 

harvesting and sorting of agricultural crops [10]. Most of 

mentioned applications, the robot arm must be compact, 

flexible and adaptive in geometry to have superior 

performance. The wire driven flexible robots (WDFR) are 

proper, but their ability in supporting payload and accuracy 

is restricted.  WDFRs compared to jointed arm robots have 

some advantages such as few numbers of actuators, simpler 

in construction, and adaptation in working space conditions. 

During inspection operations, payload and accuracy in 

positioning are not imperative while in robotic surgery 

positioning is crucial. Moreover, external loads from 

environment are important in terms of manipulator arm 

deformation. In addition, in robotic crops harvester 

positioning precision is not important as much as payload 

capacity to grip and pick up the fruits.  

Most of modeling of WDFRs is based on continues 

bending bar or Bernoulli-Euler beam due to bending shape 

generated by tendons movement [11]-[15]. Proposed models 

are utilized to predict WDFRs deformation of body exposed 

to external loads.  Loading conditions are mostly simple thus 

they are not proper for real condition of operations [16][17].  

So, kinematic and dynamic models are required to present 

behavior of WDFRs when subjected to complex external 

loading such as vibrations or base excitation. An accurate 

model can present positioning by acceptable precision and 

calculate driving force in terms of dynamic inverse to reach 

desired position. Such this dynamical model can be employed 

in design of intelligent controllers [18]-[22] although some 

efforts were conducted in design of controller for wire driven 

robots [23]-[26]. 

Current study aims to present a kinematic and dynamic 

model of WDFR in presence of static and dynamical loads as 

undesirable disturbances and verify accuracy of those by 

some experimental tests. By attained model, the curvature of 

arm robot can be reached, and effects of external disturbances 

also can be calculated. 

II. METHODOLOGY 

As mentioned previously, kinematic model of WDFRs is 

required to have suitable positioning of end effector of 

manipulator. Therefore, in this paper firstly kinematic model 

is described, then dynamic model is stated to make possible 

prediction of required tensions of tendons to access desired 

position. These parts are explained in following. 

A. Kinematic Model of WDFR 

The WDFR includes vertebras, tendon wires, driver 

motors, and base. The vertebra shape is conical, and a set of 

them are located together as chain. Thus, each of vertebra 

have three directions of rotation by spherical joint between 

them. The tendon wires passed of all vertebras and connected 

to servomotors as actuators. Fig. 1 illustrate the configuration 

of planar a WDFR. When one of the wires is pulled, so the 
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second wire is released by actuator levers. This action causes 

bending of WDFR. Consequently, set of vertebras is bended 

as cantilever beam, and total length deforms as arc of circle 

which has particular curvature. The radius of curvature is 

calculatedly based on beam bending theory. Fig. 2 shows 

bending of WDFR, and curvature radius is depicted on that. 

 

Fig. 1. WDFR parts in planar motion 

 

Fig. 2. Radius curvature of bended WDFR exposed to external load 

The end effector of manipulator’s location is presented by 

P(x,y), and radius of curvature is called R. As can be seen in 

Fig. 3, y can be obtained as: 

𝑦 = 𝑅 − 𝑅 cos ∝= 𝑅(1 − cos ∝) (1) 

On the other hand, the bending bar is arc of circle. So, x 

is given by: 

𝑥2 + 𝑦2 = 𝑅2 → 𝑥 = √𝑅2 − 𝑦2 (2) 

By combining Eq. (1) and Eq. (2), consequently x is 

reached as function of R: 

𝑥 = 𝑅√2 cos ∝ − cos2 ∝  𝑜𝑟 𝑥 = 𝑅𝑠𝑖𝑛 ∝  (3) 

The axe angle of arc is noted by 𝛼. Thus, the kinematic of 

WDFR is govern. Now, the curvature radius “R” is computed 

by bending moment as: 

1

𝑅
=

 𝑀

𝐸𝐼
→ 𝑅 =

𝐸𝐼

𝑀
 (4) 

Where, E is module elasticity, and I is second moment of 

area of beam. To calculate of M, dynamic model of WDFR 

must be established. 

 

Fig. 3. Position of end effector regards to radius of curvature 

B. Dynamic Model of the WDFR 

In the bended beam, the relationship between mechanical 

moment and curvature radius are stated as bellow: 

𝐸𝐼
𝑑2𝑦

𝑑𝑥2
= 𝑀 (5) 

1

𝑅
=

𝑑2𝑦

𝑑𝑥2
 (6) 

On the other hand, the created mechanical normal stress 

due to tension of wire is gotten by: 

𝜎 =
𝑀𝑐

𝐼
→ (7) 

The normal stress is reached by dividing tension force (F) 

to cross area (A): 

𝐹

𝐴
=

𝑀𝑐

𝐼
→ 𝑀 =

𝐼𝐹

𝑐𝐴
 (8) 

From Eq. (4) and Eq. (8), the required tension of tendon 

“F” to access desired curvature “R” is governed as: 

𝐹 =
𝐴𝑐𝐸

𝑅
 (9) 

Moreover, in the cantilever bar as a WDFR, the deflection 

of bar tip (y) or end effector when exposed to external force 

as disturbances, 𝐹𝑒, is computed by: 

𝑦 =
𝑀𝐿2

2𝐸𝐼
+

𝐹𝑒𝐿3

3𝐸𝐼
 (11) 
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Hence, the dynamic model of the WDFR is acquired 

regards to identified position from R and M. Now, both of 

position of end effector and required tension of wire are 

available, then design of controller of the WDFR is possible. 

 
(a) 

 
(b) 

Fig. 4. The developed WDFR 

Also, by the achieved kinematic and dynamic models of 

the WDFR, a computer program is provided to calculate end 

effector position based on wires tensions. The computed 

position of end effector regards to wire tension changes is 

illustrated in Fig. 5. As can be seen, the high of end effector 

is raised by increasing the wire tension. In this case, the 

module of elasticity is 100kPa. 

C. Conducted Experiments of the WDFR 

To evaluate the accuracy of dynamic and kinematic model 

of the WDFR, a robotic arm is developed which can work in 

2D work space (planar) and 3D. Ten vertebras by 45mm 

length and 15mm radius are connected by 4 wires. End of 

each pair of wires fasted to the servomotors lever. By this 

configuration, rotation of lever of servomotor leads to impose 

the tension of wires. The experimental set up is revealed in 

Fig. 4(a). Control of servomotors is applied by an Arduino 

UNO board. The tension of wires is measured by spring 

dynamometer as 0.25 N in each 45 degree of motor rotation. 

The location of mounted servomotors is considered behind 

plate base of robot as depicted in Fig. 4(b). The position of 

end effector is measured by two rulers in vertically and 

horizontally length. 

 

Fig. 5. Position of the end effector without disturbances 

To have better sense of that, the value of X and Y are 

plotted vs tension force in Fig. 6 and Fig. 7, respectively. In 

fact, the value of X is decreased by wire tension while value 

of Y increased by that. The radius of curvature is diminished 

by force increasing as shown in Fig. 8. 

 

Fig. 6. The effect of tension force increasing on X 

 

Fig. 7. The effect of tension force increasing on Y 

 

Fig. 8. Changes of curvature radius by tendon force increasing 
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In another case, same as previous by considering module 

of elasticity as 100kPa, the position of end effector is 

reformed as Fig. 9 when constant external load applied to the 

end effector. The magnitude of external load increased 

incrementally from 0.1N to 1N. Moreover, X is decreased 

while Y is increased correspondingly by the force (Fig.10 and 

Fig. 11). Same as last case, the curvature radius is decreased 

by raising of the tension force value and external load 

applied. It is revealed in Fig. 12. 

To study effect of vibrational force on the WDFR, a 

seismic load with 0.05N magnitude is applied on the dynamic 

model of WDFR. It provides possibility to observe changes 

of trajectory of WDFR when this vibrational load imposing 

external disturbances.  Thus, by occurring this dynamical 

load as expected, position of the end effector is influenced 

and shown in Fig. 13. The accuracy of positioning is 

decreased drastically. This variation revealed on the values of 

X and Y (Fig. 14 and Fig. 15). The curvature radius also 

changes by imposing this disturbance. Fig. 16 illustrates this 

variation. 

 

Fig. 9. The end effector position of WDFR exposed to external load 

 

Fig. 10. X value of end effector vs. tension of wire when applied to the 

external load 

 

Fig. 11. Y value of end effector vs tension of wire when applied to the 

external load 

 

Fig. 12. Changes of curvature radius by tendon force increasing during 

external load applied 

 

Fig. 13. Effect of vibrational load on the WDFR positioning 

 

Fig. 14. Tension force of tendon vs. X when vibrational load applied 

 

Fig. 15. Tension force of tendon vs. Y when the WDFR exposed to 

vibrational load 

A set of experimental tests of WDFR are conducted. 

Various tensions of pair of wires are applied by two 

servomotors. By 90 degrees of rotation of servomotor lever, 

0.5 N tensile force is imposed to wires. So, by 180 degree 

rotation of lever tensile force of tendon raises to 1N. Whereas 

two servomotors are installed to the WDFR base, work space 

is 3D. Different positions are accessed by combination of 
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rotating degree of two motors. In the results part, the points 

which are touched by different tension of two pairs of wires 

are shown and discussed. 

 

Fig. 16. Variations of curvature radius when vibrational load imposed to 

the WDFR 

III. RESULTS AND DISCUSSIONS 

Different positions in work space are reached by various 

applied tension of tendon wires by two servomotors. To have 

better comparison by theoretical model, just planar motions 

generated by one servomotor are considered. In addition, a 

vibrational load exposed by minatory shaker on the WDFR. 

As illustrated in Fig. 17, the position of end effector is 

changed by produced bending due to wire tensions same as 

dynamical model. Although the trend of them is similar, in 

lower height of end effector there is differences. It seems that 

lower tension of wires is reason of that. In fact, by increasing 

tendon tension, WDFR affected less by vibrational loading. 

These variations can be seen in the X and Y graph when the 

applied force is changed (Fig.18 and Fig. 19). 

 

Fig. 17. Comparison of reached end effector position by theory results 

 

Fig. 18. The effect of force increasing on actual Y compared by theory 

values 

The behavior of robot arm also evaluated by study of 

length between reference point (o) to end effector (P). It 

called 𝐿̅, and it computed by: 

𝐿̅ = √𝑥2 + 𝑦2 (12) 

The actual  𝐿̅ is plotted versus to calculated  𝐿̅ from 

theoretical values in Fig. 20. The correlation ratio is reached 

as 0.92, and it shows closeness between experiment results 

and dynamical model. 

 

Fig. 19. The effect of force increasing on actual X compared by theory 

values 

 

Fig. 20. The relationship between experimental  𝐿̅ and calculated  𝐿̅ by 

dynamic model 

IV. CONCLUSION 

       Kinematic and dynamic models of a WDFR are 

govern based on beam theory when beam exposed to the 

statically load. The results of kinematic and dynamic model 

of WDFR show that accuracy and linearity of end effector 

position is affected by vibrational load applying on the 

WDFR drastically. In addition, the test results reveal 

convergence of outputs of model and conducted experiments 

such as position and applied tension of wires. This dynamic 

and kinematic model leads to design proper control system 

for various robot applications particularly vibrating 

disturbances occur on the manipulator body. 
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