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	 We are currently developing a mobile scaffolding device that can dodge the piers of bridges 
without dismantling the scaffold when moving between spans to improve efficiency and safety 
in bridge inspections. The mobile scaffolding device treated in this paper is split in the center 
of the device when it crosses the piers. In this process, the mobile scaffold is cantilevered and 
poses a danger to the workers on board. Therefore, we implemented horizontal holding control 
by wire reeling to keep the mobile scaffold horizontal. However, in this control method, the 
direction of motion of the mobile scaffold is only partially constrained by the wire. Thus, 
the device is greatly excited when an external force is applied. It is difficult to damp these 
oscillations in wire-reeling control. We designed a semi-active dynamic absorber for vibration 
control by applying the skyhook theory, a basic theory of the active suspension. When a random 
input that simulates the wind force was given to the mobile scaffolding device with the dynamic 
absorber, the vibration of the device was reduced by half compared with that of the mobile 
scaffolding device without the dynamic absorber.

1.	 Introduction

	 Typical bridge inspection methods in Japan are rope access,(1) in which workers hang from 
ropes attached to the underside of a bridge,  inspection using a bridge inspection vehicle,(2) and 
rack scaffolding,(3) in which two rack rails attached to the underside of a bridge are used as 
a track. In rope access, workers are suspended by lifelines only, which poses a risk of falling 
and other hazards, and work efficiency is dependent on worker proficiency. When using a 
bridge inspection vehicle, traffic control is necessary because the vehicle travels slowly while 
performing the inspection. When using rack scaffolding, the scaffolding needs to be dismantled 
and reassembled for each pier on a multispan bridge. In addition, even if the rack scaffold is 
capable of “pass-pier” over piers while turning, the scaffold has few support points, which 
makes it dangerous for workers to swing when turning.
	 Currently, we are developing a mobile scaffolding device similar to that in Fig. 1, which can 
circumvent the piers safely without dismantling the scaffold after the inspection of the span 
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to solve the problems of bridge inspection mentioned above. The mobile scaffolding device 
we consider in this paper consists of two connected scaffolds that move along rails laid on the 
underside of the bridge. After reaching the piers, the device is divided by the operator by sliding 
the scaffolding part of the device against the abutment part. Each of the segmented devices 
performs pass-pier independently. The scaffold is cantilevered on the rail and poses a danger to 
the workers on board.
	 We previously proposed a horizontal holding control method using wire-reeling to hold this 
cantilevered mobile scaffold horizontally.(4,5) However, since this wire restricts the scaffold to 
only a part of the direction of motion, the scaffold swings significantly in the direction of the 
unrestrained motion when it is subjected to external forces such as wind. In this paper, a semi-
active dynamic absorber(6) is implemented on a mobile scaffolding device to reduce the sway of 
the mobile scaffolding device due to external forces.	
	 This paper is organized as follows. In Sect. 2, we summarize the mathematical model of the 
mobile scaffold, which is the control object of this paper. Section 3 discusses horizontal holding 
control for a mobile scaffolding device without a dynamic absorber. Section 4 proposes a design 
method for a semi-active dynamic absorber and evaluates the designed dynamic absorber using 
the proposed method. Section 5 concludes this study.

2.	 Modeling of the Controlled Object

	 Figure 2 shows the model of the mobile scaffolding device, which is the controlled object of 
this paper, and the coordinate system defined for the device. The control system treated in this 
paper consists of a horizontal holding mechanism (wire-reeling device) that holds the scaffold 
horizontally, a reaction force generator that cancels the scaffold directional component of the 
wire tension generated by the horizontal holding control, and a semi-active dynamic absorber 
that is used for damping control of the scaffold.

Fig. 1.	 (Color online) Mobile scaffolding device.
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2.1	 Parameters of mobile scaffolding device

	 In Fig. 2, θ [rad] is the tilt of the mobile scaffolding device, xs [m] is the amount of segmental 
movement of the scaffold, xv [m] is the displacement of the semi-active dynamic absorber, lH [m] 
is the wire length of the horizontal holding mechanism, and φH [rad] is the angle between the 
y-axis and the wire. us is the input for the scaffold division operation, uH is the input for wire 
reeling in the horizontal holding mechanism, and uR (= −sin(φH − θ)uH) is the force generated 
by the reaction force generator.
	 The system diagram of the scaffold division operation and the horizontal holding mechanism 
of the mobile scaffolding device is shown in detail in Fig. 3. The tilt of the mobile scaffolding 
device (θ) is measured by a tilt sensor. The amount of segmental movement of the scaffold (xs) is 
calculated from the number of pulses of the rotary encoder attached to the linear actuator. The 
wire length (lH) is calculated from the number of pulses of the rotary encoder attached to the dc 
motor. The physical parameters of the controlled object are shown in Table 1. The moments of 
inertia I1 of the girders and I2 of the scaffolding are given by 

	 { }2 2 2 2 2 2 2 21 2
1 1 1 2 1 1 2 2 2 2 2 2 ( ) ( ) , ( ) ( )

1 12
 

2 x y x s y
m mI a b m l l I a b m l x l= + + + = + + + + .

2.2	 Equation of motion for mechanical systems

	 With the generalized coordinates q = [θ, xs, xv, lH, φH]T and the input vector u = [uS, uH]T, the 
equation of motion for the mobile scaffolding device in Fig. 3 is given by 

	 M( ) ( , ) ( ) ( ) ( ) ( )T++ −+ =+Ì q q V q q q G q K q Dq B q u A q λ    	 (1)

where 5 5( ) ×∈M q   is the inertia matrix, 5 5( ), ×∈V q q   is the matrix representing the Coriolis 
force and centrifugal force, 5( )∈G q   is the gravity vector, 5( )∈K q   is the elastic force 

Fig. 2.	 (Color online) Model diagram of mobile scaffolding device.
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vector, 5 5×∈D   is the summary matrix of damping coefficients, and 5 2( ) ×∈B q   is the matrix 
representing the input. ( )TA q λ represents the restraining force that occurs between the mobile 
scaffold and the wire. 2 5( ) ×∈A q   is the matrix obtained by partial differentiation of the 
constraint 2 5( , ) 0t ×= ∈H q    for the wire attachment position on the mobile scaffolding device 
with respect to q, and 2∈λ   is Lagrange’s undetermined multiplier.(7)

2.3	 Kinematics model and dynamics model

	 The velocity relationship equation between , ,[ ]Ts s vx xθ=q  and [ , ]TH H Hl ϕ=q  is given by

	 ( )H s= q J q q ,	 (2)

where J(q) is the Jacobi matrix in the velocity relation, α is the vector containing the wire 
tension, and F is the generated force at the control target. The statics relationship is given by

Table 1
Physical parameters of mobile scaffolding device (nominal values).

Parameter Value
m1 Mass of base 3.4 kg
m2 Mass of scaffold 6.0 kg
a1 Width of base 0.56 m
b1 Height of base 0.93 m
a2 Length of scaffold 1.91 m
b2 Height of scaffold 0.49 m
l1x Length in x-direction from fulcrum to center of gravity (base) 0 m
l1y Length in y-direction from fulcrum to center of gravity (base) 0.5b1 m
l2x Length in x-direction from fulcrum to center of gravity (scaffold) 1.4 − 0.5a2 m
l2y Length in y-direction from fulcrum to center of gravity (scaffold) 0.540 m
k0 Virtual spring constant around  fulcrum 650 N/m
mH Mass of virtual quality point at wire tip 1.0 × 10−6 kg
LtH Length from the fulcrum to wire feed point (x-coordinate) 0.125 m
rHx x-coordinate of wire fixation point 1.0 m
rHy y-coordinate of wire fixation point −l2y − 0.5b2 m
g Gravitational acceleration 9.8 m/s2

Fig. 3.	 (Color online) System diagram of mobile scaffolding device.
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	 F = J(q)Tα.	 (3)

Therefore, the kinematic model is given as follows by using the velocity vector s= v q  : 

	 ( )
( )

 
= = 
 



I
q v S q v

J q
.	 (4)

In Eq. (4), 2×2∈I   is the identity matrix and S(q) is the zero-space matrix of A(q) satisfying 
S(q)TA(q)T = 0.(8) By multiplying S(q) by Eq. (1), the dynamics model is given by

	 + + =Mv Cv K Bu,	 (5)

w h e r e 3 3T ×= ∈M S MS  ,  3 3( )T T ×= + + ∈C S MS S V D S  ,  3( )T= + ∈SK S G K  ,  a n d 
3 2T ×= ∈B S B  .

2.4	 State space model

	 The nonlinear state space model in this paper is given by Eqs. (4) and (5) as follows using the 
state variable p = [vT, qT]T.

	 ( ) ( )d f g
dt

= +
p p p u 	 (6)

	 y = h(q)	 (7)

Equation (6) is the nonlinear state equation of the controlled object, and Eq. (7) is the output 
equation, and the parameters of each equation are given as follows.

	
1 1
( )( ) , ( ) , ( ) , , , ,
( ) 0

,
T

s Hsv
vf g h lx x x

S v
θ θ

− −   − +  = = =           



 

M C K M Bp p p
q

	

3.	 Horizontal Holding Control of Mobile Scaffolding Device

3.1	 Design of the controller

3.1.1	 	 Scaffolding split controller

	 The split operation of the mobile scaffolding device we are dealing with is performed at a 
constant speed by the operator. Therefore, we implement the manipulated variable us for the 
scaffolding split operation using a proportional–differential (PD) speed controller, where us is 
expressed as
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	 ( ) ( ) ( )s Ps s Ds xsu t K e t K Ge t= + + , but s sd se x x= −  .	 (8)

In Eq. (9), KPs is the proportional gain, KDs is the differential gain, Gx is the gravity 
compensation term, and sdx  is the target value for velocity control.

3.1.2	Horizontal holding controller

	 The manipulated variable uH for horizontal holding control of a mobile scaffolding device is 
given by

	 ( ) ( ) ( )H PH H DH H gu t K e t K t ve= + + , but H Hd He l l= − .	 (9)

In Eq. (9), KPH is the proportional gain, KDH is the differential gain, vg is the gravity 
compensation term, and lHd is the target value of the wire length. vg satisfies the following 
equation, where Gθ is the gravity term in the rotational motion of the mobile scaffolding device:

	 0 ( )
00

gT
G

vθ 
   =   
   

J q .	

3.2	 Control target

	 In this paper, we design a control system that satisfies the following control target.
(a)	The scaffold split motion sufficiently follows the target trajectory, which simulates the 

operation by the operator shown in Fig. 4. In Fig. 4, 5–25 s is a trajectory that simulates 
scaffolding split operations, and 35–55 s is a trajectory that simulates scaffolding coupling 
operations.

(b)	The tilt of the mobile scaffolding device θ must be controlled within ±1° so that the workers 
on board the scaffold do not feel the tilt.

Fig. 4.	 (Color online) Target trajectory of mobile scaffolding device.
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3.3	 Simulation

	 Figure 5 shows the simulation results for the amount of segmental movement of the scaffold, 
and Fig. 6 shows the simulation results for the tilt of the mobile scaffolding device. Figure 5 
shows that the movement of the scaffold can follow the target trajectory shown in Fig. 4 without 
any steady-state deviation, and the control target for the scaffold division operation is fully 
satisfied. Figure 6 shows that the maximum amplitude of the mobile scaffold in the uncontrolled 
state is 4.3, which was reduced to 0.03 by the wire-reeling control, satisfying the control target 
for horizontal retention.

4.	 Damping Control with Semi-active Dynamic Absorber

4.1	 Natural frequency of the system

	 For a mobile scaffolding device that is kept sufficiently horizontal by the horizontal holding 
control, we obtain a new equation of motion for the rotational motion as follows.(9)

Fig. 5.	 (Color online) Trajectory of mobile scaffolding device. 

Fig. 6.	 (Color online) Tilt of mobile scaffolding device.
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	 0M C K Nθ θ θ θθ θ θ+ + + =  	 (10)

Mθ, Cθ, Kθ, and Nθ in Eq. (10) are expressed as follows.

	
{ }
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θ
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ϕ ϕ
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 

= + + − +
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Therefore, the natural frequency ωn of the mobile scaffolding device is given by 

	  n
K
M
θ

θ
ω = .	 (11)

As shown in Eq. (11), the natural frequency of the mobile scaffolding device varies with 
the amount of movement of the scaffold xs and the horizontal holding input uH. Therefore, 
depending on the value of uH, ωn may be an imaginary number. In this paper, we assume that 
ωn = 0 in such a case to avoid complications in vibration control.

4.2	 Design procedure for dynamic absorber

4.2.1	 Parameters of dynamic absorber

	 The physical parameters of the dynamic absorber considered in this paper are the additional 
mass m [kg], the spring constant k [N/m], the damping coefficient c [N/(m/s)] of the variable 
damper, and the mounting position L [m] of the dynamic absorber.(10)

	 In this case, the natural frequency of the dynamic absorber is given by 

	 v
k
m

ω = .	 (12)

	 Given a mass ratio  as a design parameter, the additional mass is given by 

	 m = μ(m1 + m2).	 (13)

	 It is also necessary to generate a large restoring force to rapidly reduce the swaying of the 
mobile scaffolding device. Therefore, the dynamic absorber is installed at the bottom end of the 
base part (L = b1).
	 The mobile scaffold to which the dynamic absorber is applied has nonlinear characteristics, 
as shown in Eq. (1). Therefore, the fixed-point theory design method cannot be applied, as is the 



Sensors and Materials, Vol. 33, No. 3 (2021)	 967

case with conventional dynamic absorbers. In this paper, the spring constant and the damping 
factor are determined using the method proposed in the following discussion.

4.2.2		 Spring constant

	 The frequency ratio f of the mobile scaffolding device and the dynamic absorber is given by

	 v

n
f ω

ω
= .	 (14)

	 From Eqs. (12) and (14), the spring constant of the dynamic absorber is given using the 
natural frequency ωn of the mobile scaffolding device as follows.

	 k = m( fωn)2	 (15)

	 When xs varies in the range of −0.25 ≤ xs ≤ 0 as defined by the target trajectory in Fig. 3, 
the natural frequency of the mobile scaffolding device varies in the range of 0 ≤ ωn ≤ 9.1. Since 
the natural frequencies of the mobile scaffolding device and the dynamic absorber coincide and 
resonate with each other when f = 1, the range of the spring constant k is determined to be 0 < k 
≤ 77.8 in the range of 0 ≤ ωn ≤ 9 .1 from Eq. (15). The relationship between the frequency ratio f 
and the amount of movement of the scaffold part xs is shown in Fig. 7.
	 As shown in Fig. 7, for k > 40, the range of xs where f > 1 is large, and the damping force by 
the dynamic absorber is more likely to act as an exciting force on the mobile scaffolding device.  
Therefore, in this paper, an arbitrary spring constant is determined in the range of 0 < k ≤ 40 
and given to the dynamic absorber.

4.3	 Formulation of the damping coefficient based on skyhook theory

	 The fulcrum of the mobile scaffolding device and the dynamic absorber in Fig. 2 are shown 
in Fig. 8. In this paper, the damping coefficients of the variable damper are formulated using 
the skyhook theory, which is a fundamental theory of active suspensions.(11) The conventional 

Fig. 7.	 (Color online) Frequency ratio.
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skyhook theory was proposed as a damping method for translational motion and not for 
rotational motion, such as that of the mobile scaffold treated in this paper. A pseudo-skyhook 
system for rotational motion is constructed by installing a virtual damper with a damping 
coefficient CSKv around the fulcrum of the scaffold, and the damping coefficients of the variable 
damper are calculated assuming that the damping force in the skyhook system and the damping 
force in the semi-active dynamic absorber are equivalent.
	 The damping force FC in the skyhook system shown in Fig. 8 is given by 

	 C Sky vF C kx Lθ= − .	 (16)

	 The damping force FC′ in a semi-active dynamic absorber is given by 

	 ( )C v vF kx cx L′ = − +  .	 (17)

	 Considering that the damping force by the damper is the resistance to the expansion and 
contraction of the damper, the damping coefficient of the variable damper is given by the 
following equation from FC = FC′.

	
( 0)

0 ( 0)

Sky
v

v

v

C
x

c x L
x

θ
θ

θ


− <

= 
 ≥













	 (18)

As shown in Eq. (11), the natural frequencies of this mobile scaffold cannot be uniquely 
determined, so CSKy cannot be determined analytically. Therefore, in this paper, we determine 
CSKv from the time and frequency responses of a mobile scaffolding device given an arbitrary 
external force.

Fig. 8.	 (Color online) Skyhook model.
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4.4	 Simulation conditions

The equation of state for a mobile scaffolding device subjected to external forces is given by the 
following equation based on Eq. (6).

	 ( ) ( )d f g
dt

= + +
p p p u w 	 (19)

The vector w for external forces in Eq. (19) is given by 

	 [ ]( ) 0 0 0 0 0 0 0 Tt d=w .	 (20)

The torque due to external forces in Eq. (20) is d [N/m]. Here, a pulse input is given to a mobile 
scaffold that is kept horizontal by an external force and whose amplitude is about twice the 
control target of the horizontal holding control, which is ±1°, as shown in the following equation.

	
12.0, 6.0 8.0
0, otherwise

t
d

≤ ≤
= 


	 (21)

4.5	 Simulation

	 The time response of the mobile scaffolding device for the external force defined in Eq. 
(21) is shown in Fig. 9 and the frequency response is shown in Fig. 10. Figure 9 shows that on 
a scaffold without a dynamic absorber, the maximum amplitude of the vibration is 2.2° at the 
moment the external force is applied, and the vibration continues with damping afterwards. 
This damping vibration is caused by the attempt to return the scaffold to the horizontal state 
by wire reeling, and the vibrations after 50 s in Fig. 9 are the steady-state error in horizontal 
holding control.

Fig. 9.	 (Color online) Time response of mobile scaffolding device given the pulse input.
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	 When the dynamic absorber is mounted on a mobile scaffold with the design parameters µ = 0.10, 
k = 40 N/m, and CSKv = 5.0 Ns/rad, the maximum amplitude of 2.0° oscillation is generated at 
the moment the external force is applied, and then the oscillation is suppressed in about 7.0 s to 
return to the horizontal state. Figure 10 shows that the peak of the frequency generated by the 
external force is also well suppressed.

4.6	 Evaluation of dynamic absorber

	 The parameters of the semi-active vibration absorber considered in this paper are determined 
so that the time and frequency responses are optimized for a vibration system given an arbitrary 
pulse input. Therefore, the damping performance is not guaranteed when an external force is 
applied, which is not defined in the design.
	 Here, we evaluate the damping performance of this dynamic vibration absorber by applying 
external forces under different conditions from those of the design.
	 An arbitrary random input that simulates the torque generated by an out-of-wind force is 
shown in Fig. 11. This random input takes the absolute value of a normal random number with 
a mean value of 0 and a standard deviation of 1 and is generated so that a wind force is always 
given in the unbounded direction of motion of the device.
	 Figure 12 shows the time and frequency responses of the mobile scaffold given the random 
torque in Fig. 11. Figure 12 shows that the maximum amplitude for the mobile scaffold without 
the dynamic absorber was 4.4°, whereas the maximum amplitude for the mobile scaffold with 
the dynamic absorber was 1.8°. This confirms that the dynamic absorber designed in this 
paper is effective against random external forces. Figure 13 shows that the vibration frequency 
peak caused by the excitation of the mobile scaffold is suppressed by the effect of the dynamic 
absorber.

Fig. 10.	 (Color online) Frequency response of mobile scaffolding device given the pulse input (FFT result). 
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5.	 Conclusions

	 In this paper, a semi-active dynamic absorber is designed by applying the skyhook theory, 
which is a basic theory of active suspension, to suppress the vibration of a mobile scaffold. 

Fig. 11.	 (Color online) Random torque by wind force. 

Fig. 12.	 (Color online) Time response of mobile scaffolding device given the random input.

Fig. 13.	 (Color online) Frequency response of mobile scaffolding device given the random input (FFT result).
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When a pulse input was applied as an external force to a mobile scaffolding device without a 
dynamic absorber that was sufficiently horizontal, steady-state vibration remained as a steady-
state deviation under wire-reeling control, whereas the mobile scaffolding device with a semi-
active dynamic absorber quickly suppressed the shaking of the mobile scaffold and returned to 
the horizontal state.	
	 A mobile scaffolding device with a dynamic absorber was applied with random inputs that 
simulated the wind force that would be generated under the actual operating environment of 
the mobile scaffolding, and the maximum amplitude of the vibration was reduced to about half 
of what it would have been without the dynamic absorber. The semi-active dynamic absorber 
proposed in this paper provides damping control while monitoring the angular velocity of the 
rotational motion of the structure and the absolute velocity of the translational motion of the 
dynamic absorber in actual time. Therefore, it can be applied to a pendulum-type structure 
with varying vibration characteristics, such as the mobile scaffold treated in this paper.  The 
proposed design method can be generalized for application to the damping control of pendulum-
type structures and cranes.
	 We consider that the damping performance of the proposed semi-active absorber depends on 
the intensity of the pulse input given during design. Therefore, we are planning to generalize the 
design method as well as determine the detailed design specifications of the dynamic absorber.
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