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ABSTRACT 
Robot system used in building construction sites can efficiently reduce construction time and increase 
safety by replacing human in dangerous operations. This paper describes the development of a robotic 
manipulator control algorithm which provides stable and efficient gripping of a pendulum-like object. The 
pendulum object mimics the construction materials hanging from tower crane, such as steel beam and 
column. The robot should be able to handle the heavy objects in order to be used in the building 
construction sites. This control algorithm requires dynamic modeling of the hanging object. To simplify 
the analysis, the dynamic modeling was limited to the 2 dimensional pendulum movements in x-y plane. 
In order to achieve the stable and efficient gripping, a shock isolator is designed using a pre-acting control. 
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1. INTRODUCTION 
As social problems like aging of population, 
falling birth rate, etc, have emerged, it becomes 
necessary that manpower be replaced with 
automation equipments such as robots. Especially, 
construction industry has many dangerous factors 
and needs a lot of manpower. This paper deals with 
an automation problem that can arise from the 
assembly of steel structures in high-rise building 
construction sites. 

The assembly process of steel structures includes 
handling extremely heavy objects, for example, 
steel beams, columns, girders, etc., which are 
usually carried by a tower crane installed at 
construction site. The steel construction also 
contains fundamental structure of bolting linkage 
between H-shaped beams (or girders) and H-
shaped columns. For the bolting process, human 
workers generally climb up on a steel structure, 

place a new beam or column hanging from tower 
crane in position, and bolt them directly. This 
process is very dangerous to the workers, and takes 
long time to bolt down. Furthermore, this assemble 
process is seriously influenced by weather, such 
that it can not be carried out during windy or rainy 
days. It is a fatal weakness to some countries that 
have long period of rainy days.  

In order to automate the process of steel structure, 
one of essential requirements is the ability to safely 
grip the H-beam (beam or column) that weighs 
from 4 tons to 10 tons. The H-beam hanging from 
tower crane inevitably generates tremendous 
amount of impact when it swings due to its heavy 
weight. So, it is necessary to appropriately control 
the automation equipments (robot manipulators, 
for example), which isolates the impact and 
protects the equipments from the shock caused by 
the huge mass of the H-beam. This paper presents 
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a strategy to deal with this problem. The strategy 
contains pre-acting control to protect the 
manipulator from the shock. It estimates a 
magnitude of the shock from wire-suspend object 
by sensor data and generates pre-acting control. If 
the magnitude of the shock from the hanging beam 
is under a limit, the pre-acting control is activated 
and generates control force to opposite side before 
the impact, so that the robot system can grip the H-
beam hanging from tower crane safely.  

2. BACKGROUND 

2.1 Manipulator Design 
Figure1 shows a potential design of the 
manipulator to grip H-beam. This robot system is 
connected to another carrier mechanism housed in 
construction factory (CF). The manipulator can be 
positioned anywhere by the carrier mechanism.  

Figure 1 Design of the Manipulator 

The manipulator has three degrees of freedom. 
Among them, one is vertically up and down 
movement with scissor-jack type joints. The others 
are the translation in front and backward directions 
and rotation of the end-effector joint. All actuators 
are driven by hydraulic systems. There is a space 
reserved for bolting robot which is used to 
assemble beams and columns. This manipulator is 
designed to have a mobility and a capability that 
can grip the H-beams in all directions. 

2.2 Dynamic Model of Pendulum-Like 
Object 

The analysis for the motion of the H-beam hanging 
from tower crane is performed based on the 
following assumptions: 

1) Pendulum motion of H-beam is restricted 
to 2-D plane 

2) Swing angle is small, 5 degree is chosen 
as a reference value  ( 5θ ≤ o

) 

These assumptions are feasible because the cable 
from the tower crane is long and main impact acts 
to the normal direction of end-effector plane. 

Figure 2 shows 2-D plane motion of the H-beam 
hanging from crane. The equation of motion is 
derived using free-body-diagram shown in Fig. 2 
and Lagrange-Newton method. First of all, the 
velocity and acceleration of the object can be 
figured out from Figure 2. 

 

Figure 2 Model of 2-D Plane Motion 

t t tv u l uυ θ= = &
                          (1) 

2
t t n n t na a u a u l u l uθ θ= + = +&& &

              (2) 

Also, the kinetic energy, potential energy, and 
virtual work are found out to apply Lagrange-
Newton equation. 

2 2 21 1( ) ( )
2 2t nT m m lυ υ θ= + = &

               (3) 

(1 cos )V mgl θ= −                        (4) 
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( sin ) cosW F x F l Flδ δ δ θ θδθ= = =       (5) 

where, 
m :  object(beam) mass 
l :  length of wire 

g :  gravity acceleration 
θ :  angular displacement  

θ& :  angular velocity 

θ&& :  angular acceleration 

θ , θ& , θ&&  are prescribed functions of time which 
have sinusoidal form. 

And the virtual work is expressed in terms of 
generalized force and generalized displacement as 
follow 

Wδ δθ= Θ                              (6) 

Using Eq. (5) and (6), 

cosFl θΘ =                         (7) 

L T V= −                               (8) 

Eq. (3), (4), and (7) are substituted into Eq.(8), the 
followings are obtained  

21 ( ) (1 cos )
2

L m l mglθ θ= − −&

              (9) 

d L L
dt θθ

∂ ∂⎛ ⎞ − = Θ⎜ ⎟ ∂∂⎝ ⎠&                       (10) 

Finally, inserting Eq.(7) and (8)  

into Eq (9) 
2 sin cosml mgl Flθ θ θ+ =&&

               (11) 

cosml mg Fθ θ θ+ =&&
                   (12) 

based on the assumption of small swing angle, 
such that sinθ θ≈ . 

cos
ml mgF θ θ

θ
+

=
&&

                      (13) 
 

3. CONTROL ALGORITHM 

3.1 Pre-Acting Control for Isolator 
H-beam has heavy weight ranging from 4 tons to 
10 tons but the robot system has light weight under 
1 tons and relatively weak due to its structural 
characteristics.  

As such, a shock isolator is required to protect the 
manipulator from the impact by swinging object. 
Fig. 3 shows the design concept of the shock 
isolator. If the magnitude of shock is relatively 
compared to the strength of the robot arm, the 
robot system can grip H-beams safely using this 
isolator.  

To design a better isolator, pre-acting control 
algorithm is used. Using appropriate sensors 
(camera, for example), the robot system can 
predict the instant of the shock. Using this data, the 
control effort is put before the shock is applied and 
the shock is actively absorbed during the impact.  

The problem of limiting performance of shock 
isolator can be formulated with pre-acting control 
[3],[4]. 

 

Figure 3 Schematics of Shock Isolator 

From Fig. 3, the governing equation can be 
formulated as, 

mx u mz+ = −&& &&                      (13) 
where, 

m :  manipulator mass  
x :  manipulator displacement relative to end-

effector 
z :  manipulator displacement  relative to 

global frame 
u :  control force 
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z&&  is a prescribed function of time and its value is 

zero during 0 0t t− < < . Its result applies to the 
initial conditions, which are, 

0 0( ) 0, ( ) 0x t x t− = − =&                   (14) 

It is important to find out pre-acting control 
0 ( )u t defined during 0t t− < < ∞ ,  

{ }0min max
u

x x−
while 

max
t

x U≤&&
      (15) 

0max ( )
t

x u t=&&
                         (16) 

Where U  is defined to minimize the maximum 
peak absolute value of the relative displacement of 
the manipulator as Eq. (15) and (16). 

Let the shock is instantaneous impact at 0t = , then 
( )z t&& is expressed by Dirac-Delta function like 

Eq.(17). That is, 

0( ) ( )z t z tδ=&& &&                            (17) 

Graphical-analytical method is used to solve 
limiting performance problem. An optimal control 
force is obtained by assuming unit pre-acting time, 

0 1t =  [5] 

0

1, ( 1 3 / 4)
( ) 1, ( 3 / 4 1/ 2)

0, (1/ 2 )

t
u t t

t

− − ≤ < −⎧
⎪= − ≤ <⎨
⎪ ≤ ≤ ∞⎩            (18) 

Fig. 4 shows the time history of the optimal pre-
acting control force by plotting Eq. (18). 
From Eq. (17) and (18), Eq. (13) is expressed as 

0mx u+ =&&                             (19) 

Subject to the conditions at 0t t= −  and 0t =  

0 0( ) 0, ( ) 0x t x t− = − =&                   (20) 

0( 0) ( 0)x z x− + = +& &&&                       (21) 
Using Eq. (18) ~ Eq. (21), the velocity and 

displacement of x during 0t t− < < ∞  can be 

found, where 1m =  and 0 1z =&&  

1, ( 1 3 / 4)
1/ 2, ( 3 / 4 0)

( )
1/ 2 , (0 1/ 2)
0, (1/ 2 )

t t
t t

x t
t t

t

+ − ≤ < −⎧
⎪− − − ≤ <⎪= ⎨ − ≤ <⎪
⎪ ≤ < ∞⎩

&

        (22) 
2

2

2

( 1) / 2, ( 1 3 / 4)
1/16 (2 1) / 8, ( 3 / 4 0)

( )
1/16 (2 1) / 8 , (0 1/ 2)
1/16, (1/ 2 )

t t
t t

x t
t t t

t

⎧ + − ≤ < −
⎪ − + − ≤ <⎪= ⎨

− + + ≤ <⎪
⎪ ≤ < ∞⎩ (23) 

 

 
Figure 4 Time History of the Optimal  

Pre-Acting Control Force  

 
Figure 5 Time History of the Relative Distance 

of Optimal Pre-Acting Control Force 

Figure 5 shows the time history of the relative 
distance of optimal pre-acting control force.  
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4. CONCLUSION 
In this paper, the dynamics of wire-suspended 
object was found for estimating the amount of 
shock and pre-acting control scheme was applied 
for minimizing the shock from the swinging object, 
such as H-beams. This topic is very important 
when using a robot in construction fields, since 
there are many processes that handle very heavy 
objects suspended through crane cable. In these 
cases, the robot should be able to absorb 
tremendous amount of shock from the swinging 
object to avoid its damage. The strategy presented 
in this paper will be valuable components when 
implementing robotic construction, especially in 
the assembly of steel beams and columns in high-
rise building construction. 
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