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 This paper proposes the design and control strategy for a four  

degrees-of-freedom spatial cable-suspended parallel robot for pick and place 

operations. Pick and place is a repetitive task requiring payload changes for 

the movement to pick-up the object, and the movement to the final pose to 

release the manipulated object. In this paper, a new robust control strategy 

has been proposed, together with proper trajectories for the required 

operation. The control strategy consists on the system decoupling and 

linearization by means of a feedforward term and a cascade PD controller. 

The main advantage of the proposed solution is that its design can be scalable 

in size spanning from centimeters to meters with a relatively good 

positioning accuracy. Finally, simulations are reported to show the overall 

performances of the proposed configuration for pick and place operations 

with a medium size manipulator. 
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1. INTRODUCTION  

During the last two decades, the number of Pick and Place manipulators applications has 

significantly increased owing to the growing level of automation in all industrial areas. Pick and place can be 

considered the most common operation performed by a manipulator or an automatic system and it is defined 

as a repetitive task of pick up objects and place them somewhere else. Robots have been widely used for 

these operations, but the most implemented solution is the use of special manipulators speci cally designed 

for these operations. The Delta robot is often used to handle small products to larger items. The pioneer 

prototype was invented by Reymond Clavel in 1988 [1]. It consists of three symmetric kinematic chains of 

RRPaR, RUU or R (SS) 2 type, being R: revolute, U: universal, S: spherical, Pa: parallelogram joints. The 

robot architecture was designed to restrain completely the orientation of the mobile platform, which remains 

with three purely translational degrees of freedom. The Delta robot was designed for rapid movements, based 

on it several works have been subsequently presented [2-5]. A comprehensive overview can be found in [6]. 

In the last decades Cable-Driven Parallel Robots (CDPRs) have been developed and used as e - cient 

alternatives for some applications to the classical parallel robots [7]. CDPRs are a class of parallel 

manipulators [8] in which rigid links are replaced by cables, and the end-e ector is commanded by means of 

m cables with n actuators. Some advantages of this kind of manipulators are that they can be lighter, faster, 

safer, and more economical than traditional parallel ones (see e.g. [9-11]). 

The number of applications of these robots has notoriously increased during the last years. Starting 

from the NIST RoboCrane system [12], originally designed for large-scale handling, cable-driven robots 

were designed to be used in a broad range of areas as: automation in construction [13-15], wind tunnels [16], 
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rehabilitation and motion aiding systems [17-19], scaffold systems for aircraft maintenance [20]. CDPRs are 

classified as fully constrained if, once the actuators are locked, the mobile platform pose is completely 

determined. They are underconstrained if the platform is movable when the cable lengths are assigned. In a 

cable-suspended robot (CSPR), all cables lie above the moving platform and the end-e ector, payload or tool, 

can be positioned (e.g. [21, 22]) and/or oriented (e.g. [23]) into its workspace being suspended, indeed they 

can be considered as crane-type manipulators [24, 25]. Orientation capabilities of CDPRs can be also 

improved by coupling it with a parallel spherical wrist actuated by cable-driven omni-wheels,  

as described in [26]. 

CSPRs have great potentialities for many applications, in fact, if all the fixed attachment points are 

located above the workspace, then cables do not clutter the part of the robot workspace located below the 

platform. This occurrence drastically reduces the possible interference among cables, end-e ector, and 

environment, but the positioning capability is strictly related to the gravity and then to the solution of the 

static problem. Moreover, external disturbances on the end-e ector determine complex dynamics involving 

cable vibrations. 

Main problem of CSPR is related to the nature of the robot, the suspended end-e ector is prone to 

vibrations and sensitive to external disturbances. These factors, together with complex Kinetostatics and 

Dynamics, my greatly limit their usability. 

Works on statics and dynamics of cable-suspended robots are reported in [27, 28]. Vibration 

occurrences was studied in fully-constrained manipulators by considering cables as linear or nonlinear 

springs such as in [29, 30] or CSPRs [31]. 

Pick and place operation is quite common industrial repetitive task involving a motion towards an 

object, picking and moving to another place to release it. Therefore, the robotic arm will move with a 

variable mass (with and without an object) during the operation involving important dynamic e ects. These 

issues are much more relevant when CSPRs are involved. 

This paper details issues of a 4DOF spatial cable-suspended robot to be used for pick and place 

operations. Since this task requires that the robot payload changes, a robust control must be developed in 

order to provide a high performance trajectory tracking. 

This paper is organized as follows: Section 2 details the cable-suspended Kinematics and Dynamics 

for the proposed spatial CSPR. Section 3 introduces the trajectories implemented for pick and place 

operations. Section 4 reports the proposed control scheme. Section 5 presents simulation results, and finally, 

Section 6 summarizes the main conclusions. 

 

 

2. MODELING 

2.1 8-4 Cable Suspended Robot Description 

As it was shown in the design solution proposed in [21], and successfully applied in [17],  

if the end-effector is suspended by means of pairs of parallel cables, the orientation of the end-e ector 

remains unchanged. In this paper, a Cable Suspended Parallel Robot, hereafter CSPR, is considered having 8 

cables arranged in parallel by pairs, each pair having the same length and being commanded by 4 motors, one 

for each pair of cables [32]. In particular, each pair of cables, together with the frame and the end-effector, 

constitutes a parallelogram, as it is shown in the scheme of Figure 1. 

According to 1a W is the width of the frame (along X axis), L its length (along Y axis) and H is the 

height (along Z axis), the same holds for the end-effector, being w, l and h, wide, length and height, 

respectively. Tiu and Til are the tensions of the upper and lower cables of the i-th pair, respectively. The 

colored regions show each parallelogram constituted by two fixed points placed at the frame and two points 

placed at the end-effector, as it is shown in Figure 1. The architecture based on the geometry of 

parallelograms restrains the orientation of the end-effector, leaving only one rotation about Z-axis. Therefore, 

end-effector pose is given by Q = [x, y, z, δ] 
T
, being the orientation angle with respect to Z axis. Therefore, 

this CSPR configuration has 4 actuators to provide 4 DOFs. It is worth noting that this holds if , 

otherwise rotation about Z axis is also not allowed, as it is reported in [21]. 

The frame and the end-effector are therefore connected by means of 4 pairs of cables going from 

fixed points at the frame, Qi
f
= [xi

f
, yi

f
, zi

f
] 

T
, to each respective end-effector anchor points, Qi

e
= [xi

e
, yi

e
, zi

e
]

T
, 

as shown Figure 1 being Qfi
 
fixed points, while Qei depend by the end-effector pose, Q. Table 1 summarizes 

xi
f
, yi

f 
and zi

f 
coordinates of all frame node connections. 

Finally, the direction of the i-th cable can be represented by means of angles θi, with regards  

to Y-axis, and ϕi, with respect to Z-axis as shown in Figure 1b. The active angle of the set gearbox-motor i is 

given by αi as shown in Figure 1c, according to the design proposed in [32] 
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Figure 1. Scheme of the 8-4CSR design 

 

 

Table 1. 8-4 CSR Design xi
f
, yi

f
, zi

f
, dxi, dyi and dzi Values 

i 1 2 3 4 5 6 7 8 
         

xi
f 

0 W W 0 0 W W 0 

yi
f 

0 0 L L 0 0 L L 

zi
f 

H H H H H-h H-h H-h H-h 

dxi w/2 w/2 -w/2 -w/2 w/2 w/2 -w/2 -w/2 

dyi -l/2 l/2 l/2 -l/2 -l/2 l/2 l/2 -l/2 

dzi h/2 h/2 h/2 h/2 -h/2 -h/2 -h/2 -h/2 

 

 

2.2 Inverse Kinematics 

The Forward and Inverse Kinematics problem for CSPR are not trivial ones, as it is shown in [[24]]. 

The Forward Kinematics, ᴧF
, relates the active joint angles, α= [α1, α2, α3, α4]

T
, to the end-effector Cartesian 

pose, Q = [x, y, z, δ]
T
, i.e., Q=ᴧF

 (α). The inverse kinematics, ᴧI
, is the inverse transformation  

α = ᴧI
 (Q). 

For a given end-effector pose, Q, Qi
e
 points can be determined by (1) 

 

 (1) 

 

where dxi, dyi and dzi are fixed values of the proposed robot configuration and are summarized in Table 1. 

Once that Qei is obtained, angles i and i can be expressed as (2) 

 

 (2) 

 

It is worth noting that the Jacobian matrix is usually expressed as function of cables angles, θi and 

ϕi. On the other hand, considering sets gearbox/motor angles at home position αi = 0, when the end-effector is 

placed at the fixed frame centroid and δ0 = 0 orientation, Q0 = [x0, y0, z0, δ0] 
T
 = [W/2, L/2, H/2, 0] 

T
, the 

initial length of all cables, L
0
, can be obtained as (3) 

 

 (3) 
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Denoting Li = Liu = Lid and given an end-effector pose, Q, cables length yield as (4) 

 

 (4) 

 

At this kinematic configuration, positive angles changes on the the set motor/gearbox/drum αi, cause 

positive changes in the cables length, ∆Liu = ∆Lil and the cable length variations can be therefore expressed as 

∆Liu = ∆Lil = αir, where r is the last pulley/drum radius. In this way, actuator sets angles can be obtained as (5) 

 

 (5) 

 

where . Combining (3), (4) and (5), the 

Inverse Kinematics, ᴧI 
can be expressed as (6) 

 

 (6) 

 

for i = 1, 2, 3, 4. 

The control strategy for end-effector trajectory tracking, proposed in Section 3, requires the use of 

the inverse kinematics, ᴧI
, but does not the use of the forward one ᴧF 

. 

 

2.3  End-effector dynamic model 

The static equilibrium of the end-effector can be expressed as (7) 

 

 (7) 

 

Where (8) 

 

 (8) 

 

Being m the end-effector mass, Iz the moment of inertia with respect to Z axis and  

F = [Fx, Fy, Fz, ]
T
 is the cartesian forces and torque array applied on the end-effector by the actions of the 

cables tension and the gravity, i.e (9) 

 

 (9) 

 

In (9), T is the cable tension array T = [T1, T2, T3, T4] 
T
 being Ti = Tiu + Tid for i = 1, 2, 3, 4, and Js is 

the static Jacobian which yields as (10) 

 

 (10) 

 

Being (11) 

 

 (11) 
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where  and . 

 

2.4 Motor Dynamics Model 

According to the scheme in Figure 1c the dynamics of the sets motor/gearbox/drum can be 

described by (12) 

 

 (12) 

 

where J is the rotational inertia matrix (13) 

 

 (13) 

 

ν is the viscous friction coefficients matrix (14) 

 

 (14) 

 

r the drum/pulleys radius and is the motors torque array (input signal). 

 

2.5 System dynamics 

Rearranging (12), cables tensions can be expressed as (15) 

 

 (15) 

 

that can be substituted in (9) and introduced in (7) yielding (16) 

 

 (16) 

 

System dynamics behavior described by (16) that can be expressed in Cratesian coordinates, Q, as (17) 

 

 (17) 

 

or in joint coordinates, α, as (18) 

 

 (18) 

 

Note that (15) is only valid if all cables tensions remain positive and therefore, the validity of 

models (16), (17) or (18), depends on this assumption.  
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3. CONTROL STRATEGY 

3.1 Control objectives 

The control objectives for the proposed 8-4CSR on pick and place operations are: End-effector 

accurate trajectory tracking, i.e. . Robustness to payload changes owing to the needed operation 

with and without payload, i.e. ., where me is the end-effector mass and  is the add of the 

end-effector mass and the one of the weighter object to be manipulated. 

 

3.2 Control scheme 

The most of the works which deals with the control of cable-driven robot problem use (17), or slight 

modifications, as a dynamic model of the manipulator, where  is the input torque array and Q the end-

effector pose, i.e., the output of the model (see e.g. [33]). 

On the other hand, sensors which provide a real time measurement of the end-effector pose, in order 

to feedback it in the control scheme, are expensive and therefore the most extended and used solution 

consists of measuring the motors angular configuration, α, and to estimate the end-effector pose, Q, by means 

of the forward kinematics transformation, Q = ᴧF
(α). In this way, input signal to the controller is the tracking 

error, E = Q* - Q, since its output is the motors input torques, .  

It is usual to nd mechanical solutions which synthesis are designed to make the system quasilinear, 

i.e, linear relation between actuation and tip position [34]. This solution is not feasible in cable robots and, in 

order to obtain an accurate end-effector trajectory tracking, some authors linearize the dynamics  

equation (17) feedforwarding the nonlinear term N(Q, Q) [35] or assuming it negligible [33]. 

In this paper, we propose a cascade P D controller with a feedforward term. Attending to (16), a 

new input signal  can be designed as (19) 

 

 (19) 

 

being , where AG = [0, 0, -g; 0]
T
. In this way, dynamics equation (16) can 

betherefore rewritten as (20) 

 

 (20) 

 

for i = 1, …, 4. Note that (20) is a decoupled model for each actuator set, in which input signal is which 

commands the actuators angle αi. Applying Laplace transform to (20), the transfer function which relates 

actuators angle, , to the input torque to the motor,  yields (21) 

 

 (21) 

 

Where (22) 

 

 (22) 

 

where and . Note that the new input signal , used to decoupled the model, needs Q and, as 

it was previously mentioned, no sensor is available to obtain a direct measure of the end-effector pose. Then, 

we find two possibilities to compute : a) estimate it by means of α, that is directly measured by means of 

the motors encoders, and the forward kinematics, ᴧF
(α), or b) use directly Q* instead of Q. We have chosen 

option b) owing to the difficulty of a real time computing of the forward kinematics, ᴧF
(α). Figure 2 

represents the block diagram of the proposed control strategy for obtaining an equivalent linear-decoupled 

model. 

Using the linear-decoupled model shown in Figure 2, a conventional controller can be designed 

using any linear control techniques. Note that transfer function (22) is of the form of a DC-motor one (see 

e.g. [36]) and any strategy for DC-motor position control can be therefore applied. Due to the required 

robustness of the control system when payload changes, in this work we propose a cascade PD controller to 

obtain the required robust behavior. This technique has been successfully applied previously (see [36]). 
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Figure 3 represents the cascade PD controller embedded in the linearizing/decoupling strategy and its 

equivalent linear decoupled diagram block. This equivalent scheme will be used to tune the cascade PD 

controller. 

 
 

Figure 2. Proposed linearizing/decoupling strategy 
 

 

 
 

Figure 3. Cascade PD controller + linearizing/decoupling strategy 

 

 

3.3 Controller tuning 

In Figure 3 Kp and Kd are diagonal 4x4 matrixes which diagonal elements, Kpi and Kdi, are 

respectively designed for controlling Gi(s). The closed loop transfer function of axis i can be written as (23) 

 

 (23) 

 

and therefore, the equivalent open loop transfer function yields (24) 

 

 (24) 

 

Note that applying the Final Value Theorem (see e.g. [37]), the steady state error of the closed loop 

transfer function is zero. In this way, the cascade PD controller can be tuned in order to control the time 

response velocity of the system and its overshoot. The conventional frequency requirements, gain crossover 

frequency,  (related to the time response velocity) and phase margin, ϕm (related to the time response 

overshoot) are used to tune the proposed controller (see e.g. [37]). The complex tuning equation which 

fulfills the frequency requirements, and ϕm is 

 

 (25) 
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replacing (24) in (25), the controller tuning equations can be obtained and yield (26) 

 

 (26) 

 

The tuning procedure consists therefore on selecting proper values of the gain crossover frequency 

and phase margin and to use (26) to obtain the controllers parameters, Kpi and Kdi for all motors  

(i = 1, 2, 3, 4). Some works have described the advantages of the use of the proposed cascade PD controller 

in comparison, for example, to the conventional PID controller. One of these advantages is its robustness 

behaviour when the payload changes, as it is required for our control scheme (see e.g. [36]). 

 

 

4. TRAJECTORIES FOR PICK AND PLACE OPERATION 

This Section describes the designed trajectories for pick and place operation with the proposed  

8-4CSR. Denoting the reference trajectory as Q*, Figure 4 represents a scheme of a spatial trajectory for pick 

and place operation from Q
*

a = [x
*

a, y
*
a, z

*
a, δ

*
a]

T
 to Q

*
b = [x

*
b, y

*
b, z

*
b, δ

*
b]

T
. Figure 4 represents the 

proposed trajectory that is usually applied to pick and place operation (e.g. see [38]). This trajectory is 

characterized by providing a vertical orientation for both, picking and placing and it must be a C
2
 

continuously differentiable function. 

In Figure 4, plane* is the one that contains points a and b and Z axis. Points 1 to 4 can be easily 

obtained by points a and b and hi and bi parameters. Let's define the path variable s along plane*. Regarding 

to this path variable, trajectory shown in Figure 4 can be expressed as (27) 

 

 (27) 

 

where  and coefficients can be attained giving the following constraints (28) 
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Figure 4. 8-4 CSR Trajectories description for pick and place operations 

 

 

 (28) 

 

Once that trajectory is defined in plane*, in XY Z it yields (29) 

 

 (29) 

 

where . Note that a linear pro le has been added for expressing δ*(s). In order to ensure 

that x*(t), y*(t), z*(t) and δ*(t) are C
2
 continuously differentiable functions, path variable s has been 

parameterized by a 3th order Bezier function. In order to avoid a possible loss of cables tension, the 

maximum Z axis deceleration has been limited to  by increasing the trajectory 

time. Figure 5 shows an the illustrative example of a trajectory from Qa = [0.2m, 0.23m, 0.3m, -7
o
]  

to Qb = [0.7m, 0.72m, 0.42m, 10
o
] with h0 = h1 = b0 = b1 = b2 = 0.1m. 
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Figure 5. Example of pick and place trajectory: Spatial path, x*(t), y*(t), z*(t) and δ*(t) 

 

 

5. SIMULATION RESULTS 

5.1  Model parameters and dynamics validation 

The 8-4CSPR model parameters used for simulations are summarized in Table 2.  

 

 

Table 2. Parameters of the Proposed 8-4CSR Model Using in Simulations 
Frame 

W (m) L (m) H (m)   

1.2 1.2 1.2   
End-effector 

w(m) l(m) W (m) me(Kg) 

0.1 0.2 0.2 1 
Motor/gerabox/drum set 

Ji(Kg/m2) vi(Nms) r(m)   

2.6 10-4 2.1 10-2 0.075   

 

 

A dynamic model has been simulated using Matlab/Simulink. In order to validate it for the 8-4 CSPR an 

analogous model of the robot has been built using the multibody dynamics simulation software  

MSC-ADAMs. 

Multiple scenarios have been simulated in order to check the validity of the Matlab/Simulink model. 

Figure 6 compares the results that Matlab/Simulink and MSC-ADAMs models provide for a initial pose of the 

end-effector, Q0 = [0.6m, 0.6m, 0.2m, 0
o
], and the following step torques applied on each actuator, 

and , being Nm and 

. Note that the error between Matlab/Simulink and MSC-ADAMs model for the simulation 

shown in Figure 6 is less than 2.10
-4

. The sample time for the simulations has been set equal to Ts = 0.001 s. 

 

5.2 Pick and place scenario 

In order to check the proposed control strategy for our 8-4CSPR, a realistic scenario has been 

simulated. It consists on the robot initially placed on the centroid of the frame with zero orientation, 

. It sequentially pick-up objects 1 to 5 from their initial poses, Q1a ... Q5a, to 

their final ones, Q1b ... Q5b and come back to initial pose as it is indicated in Figure 7. 

Table 3 summarizes the initial and final poses of the five objects and their mass. Note that during 

the robot manoeuvres the manipulator mass is the sum of end-effector mass, me, and each object mass,  

m1, ..., m5 during theirs respective trajectories. 

 

5.3 Trajectories 

Assuming that the initial and final poses of the end-effector are Q0 = [W/2, L/2, H/2, 0]
T
, the 

described scenario demands 11 trajectories (first one: from 0 to 1a, second one: from 1a to 1b, third one: 

from 1b to 2a, ..., tenth one: from 5a to 5b, and the last one: from 5b to home). The trajectories detailed in 

Section 4 have been used to obtain the desired end-effector pose reference, Q*(t). Figure 8 represents the 

Cartesian components of the required trajectory shown in Figure 7, and its Z axis acceleration. Note that its 

negative value has been limited to 80% of the gravity acceleration (aZ > 0.8g), in order to ensure positive 

tension in all cables. This figure also shows the payload variation during the robot operation. 

 



                ISSN: 2089-4856 

IJRA, Vol. 6, No. 4, December 2017:   286 – 302 

296 

 
 

Figure 6. Matlab/Simulink vs. MSC-ADAMs: results 

 

 

 
 

Figure 7. Spatial reference trajectory of the described scenario 

 

 

Table 3. Simulation Scenario: Mass, Initial and Final Poses of the Objects. 
 Initial pose, Qa (m,o) Final pose, Qb (m,o) mass 

Object xa ya za δa xb yb zb δb (Kg) 

          

1 0.16 0.86 0.25 -9 0.80 0.80 0.35 0 0.150 

2 0.38 0.63 0.25 8 0.80 0.65 0.35 0 0.200 

3 0.23 0.43 0.25 -4 0.80 0.50 0.35 0 0.100 

4 0.34 0.32 0.25 6 0.80 0.35 0.35 0 0.250 

5 0.21 0.18 0.25 -7 0.80 0.20 0.35 0 0.050 
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Figure 8. Reference trajectory, Z axis acceleration and payload variation of the described scenario 

 

 

5.4 Controllers 

Section 3 detailed the controller tuning procedure. After the feedforward term, , the control 

strategy is based on tuning a cascade PD controller by means of the frequency domain speci cation gain 

crossover frequency, , and phase margin, m. A phase margin value, ϕm = 72
o
 has been set in order to 

avoid overshoot in trajectory tracking (see e.g. [37]). On the other hand, a high value of the gain crossover 

frequency is required to diminish the delay between the reference trajectory and the end-effector pose. Based 

on simulations, an arbitrary value of  = 260 rad/s has been set. Using the tuning equation (25), the four 

controllers (one per motor) are characterized by (30) 

 

 (30) 

 

5.5 Results 

Figures 9 to 12 represent the simulation results of the described scenario. Figure 9 compares the 

reference trajectory, shown in Figure 8, and the end-effector pose. 
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Figure 9. Reference trajectory and end-effector pose: trajectory tracking 

 

 

Figure 10 represents the following tracking errors: 

,  and 

. The results show that the tracking errors remains lower 

than 2.10
-3

m in all cartesian components and lower than 0.5
o
 in orientation, independently of the payload. 

Figure 11 represents the control signal generated by controller (26) and the feedforward term, . 

Finally, Figure 12 represents cables tension, T1 to T4. Note that all tension remains positive during the entire 

simulation, and therefore, dynamics model (16) can be considered valid. 
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Figure 10. Tracking errors:  

 

 

 
 

Figure 11. Control signal: motors' torque 
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Figure 12. Reference trajectory, Z axis acceleration and payload variation of the described scenario 

 

 

6. CONCLUSIONS 

This paper proposes a novel control strategy for pick and place operation performed by cable 

suspended parallel manipulator. A 4 DOF spatial manipulator with 8 cables and 4 actuators has been 

considered. As the result, the main advantage of the proposed design and its control strategy is its high 

scalability and high payload capability. Proper trajectories have been designed taking into account the Z axis 

acceleration limit to ensure that all cables tension maintain positive values. The proposed novel control 

strategy consists on linearizing and decoupling the dynamics model by means of a simple feedforward term. 

Using the proposed technique the forward kinematics transform is no longer needed and any linear control 

strategy can be applied to design a proper controller.  

Owing to the necessity of accurate trajectory tracking and robustness when payload changes, a 

cascade PD controller has been proposed tuned by a conventional frequency technique. Simulations results 

has been presented. Firstly, the Dynamics implemented on Maltab/Simulink has been compared to a 

pseudorealistic MSC ADAMs model. The results show a high level of equivalence between both models. 

Once that the developed model has been validated, a realistic scenario has been simulated. This scenario 

consists on picking and placing 5 objects, starting and ending at the initial pose.  

These eleven trajectories were selected to span the robot workspace and have been satisfactory 

tracked with the proposed control strategy for large variation of the payloads. Results show a relatively good 

accuracy on the trajectory tracking (maximum error of about 1.5 10
-3

 m).Experimental validation of the 

proposed models has been also carried out. Figure 13 shows the built prototype. 
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(c) 

Figure 13. a) Real prototype; b) End-effector pulleys; c) set motor/gearbox/drums 
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