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Abstract:

This paper describes the significance of the minimum actuation limit per actuator
while controlling the shape of a single-layer frame dome. The algorithms that
perform optimum shape controlling allow the user to assign the minimum
allowable actuation per actuator, which means the actuators with an actuation of
less than the assigned amount are assumed to be passive; thus, they are excluded.
In this study, the deformed shape of a numerical model of a single-layer dome is
reshaped. At the same time, the minimum limit is assumed to vary between 0.1mm
and 1 mm to investigate how the outcomes are affected. The results show that
changes in the minimum allowable actuation significantly affect the number of
necessary actuators and the final form of the structure in terms of nodal
displacements and stresses. The study suggests using the limit of 0.7 mm, which
provides the optimum number of actuators while the nodal displacements are
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1. Introduction

Dome structures are spatial structures built in tourist cities to attract visitors [1]. These architectural
structures can be found in several countries, for example, in Kazakhstan [2], England [3], UAE [4],
and Sweden [5]. Spatial structures may suffer noticeable deformation due to lateral loadings [6]. Since
the appearance of such structures is significant, their imperfection should be eliminated or reduced by
reforming them [7]. Researchers have been trying to improve the existing methods of shape control.
Controlling nodal displacements was first introduced by Weeks in the early 1980s [8, 9].

The topic was further studied and developed by several researchers, and it was implemented on various
structures. You [10] presented a technique to control the nodal displacements of a 2D plane cable net
structure. Nyashin, Lokhov [11] described a method to nullify the joint displacements caused by
external loadings. Furthermore, researchers applied techniques of shape controlling on different
structures, such as cable-stayed bridges [12] and single-layer egg-shaped [13] structures. In general,
the location of nodes can be controlled by changing the length of some active members, which can be
done by actuators [14].

Generally, several actuators can be used to alter the length of members. Researchers have used different
types of actuators for various purposes. Changing temperature by a specific value was used to change
the length of spatial truss members’ lengths [15]. Composite [16, 17] and flexible [18] structures were
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embedded with piezoelectric actuators for shape control. Moreover, lead-active screw [19] and
mechanical [12, 20] actuators were also implemented for shape control.

Structural optimization opened a new chapter in structural engineering, optimization algorithms used
to minimize structural weight [21], topology optimization [22-24]. For the last three decades,
researchers have been trying to minimize the number of actuators for bar length changing[25]. The
location of turnbuckles can significantly affect their efficiency [26, 27]. Saeed, Manguri [28] presented
a technique to find optimum actuator numbers to reshape cable structures. The optimum number of
actuators was found for controlling pin-jointed assemblies [29] and minimizing the cross-sectional
area of cables and trusses [30]. Actuator numbers were also optimized for double-layer hinged domes
[31-33]. Other researchers like Chen, Jiang [34], Dhingra and Lee [35], and Du, Yue [36] studied
actuators placement in optimal locations. However, reshaping structures using and optimizing the
number of actuators has been studied, and researchers underestimated the minimum size of actuation
per actuator.

This research details the effect of the minimum limit of actuation (MLA) on reshaping and optimizing
the number of actuators. In this study, MATLAB software is used to determine the actuation. The found
actuation is applied to the structure in MATLAB and SAP2000 to verify the results. The research plan
is as follows: Section I describes the general introduction and literature review. It is followed by
Section II, which presents the structure’s numerical model of the research, then the results are
discussed in Section III. Finally, the conclusions are summarized in Section IV.

2. Numerical Model

This section describes modeling the numerical structure, its physical propensities, and the loading case.
The numerical model is 1.049 m high and 2 m wide; the height-to-width ratio is acceptable based on
standards [37]. The radius of the numerical model was assumed to be 1000 mm. The coordinates of
the joints were found based on the relationship between the nodes and the dome’s radius, as presented
in the MATLAB code lines 2-8 in Figure 1. An intensive MATLAB code to generate the models is
presented in Figure 1. The dome is formed by 145 Nodes, as presented in Figure 2, and 384 Members
(see Fig 3). Furthermore, Joints 1 to 25 are hinged in all directions. The members are made of 6mm in
diameter aluminum, with a modulus of elasticity of 70000 MPa and a yield strength of 276 MPa.

The numerical model is horizontally loaded at joints 96 to 145 with 1280 N to get noticeable
displacements. The horizontal load may represent any possible lateral load. In this research, the nodal
displacements were controlled using the expression below.

1) —/d/—d, <Ye, </d/—d,

Where d is the induced nodal displacements due to external loadings, and [-dt to dt ] is the domain of
the joint displacements after adjustment.
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Nr=24; Nc=6; %Nr:is number of base coordintes & Nc:is no. of circles
R=1000 ;Th=0;Alpha=0; j=0; % Raduis, horizontal and vertical angles
for i=1:Nc
for i=1:Nr
j=j+1; coor(j,1l)= R*cosd(Alpha) *cosd(Th) ;
coor (j,3)= R*cosd(Alpha)*sind (Th) ;
coor(j,2)= R*sind(Alpha); Th=Th+360/Nr;
end; Alpha=Alpha+90/Nc;end
coor=[coor;0 R+R/(Nc”2) 0;]%all nodal coordinates + top joint coordinate
nJ=size (coor,1l) ;% Number of joints
for j=1:Nr* (Nc-1); % connecting the 24 nodes of each circle out of 6
bar (j,1l)=j+24; bar(j,2)=j+24+1; end
for i=1:Nc-1; % connecting the first and last node of ech circle
Nare=Nr*i; bar (Nare,2)=(i)*Nr+l; end
for i=5*Nr+1:Nr*6 % connecting the top cicle nodes to the top node
bar(i,1:2)=[1i,145];end
for i=1:Nc-1 % Connecting the cicles to gether with V curved members
for j=1:Nr
bar ((144+ (i-1)*Nr+(j)),1:2)=[((i-1)*Nr+j) ((i-1)*Nr+j)+Nr ]; end;end
for i=1:Nc-1 % Connecting the cicles together with V & H curved members
for j=1:Nr
bar ((264+ (i-1)*Nr+(j)),1:2)=[((i-1)*Nr+j) ((i-1)*Nr+j+Nr+1l) ]; end;end
for i=1:Nc-1; % connecting the first and last node of ech circle
Nali=Nr* (i+11) ;bar (Nali,2)=1i*Nr+1; end; Nami=size (bar,1l); %$barNumber

Figure 1: MATLAB code for generating the numerical model
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Figure 2: The joints of the numerical single-layer dome frame structure.

Y is a matrix assembled by linking the active members with the nodal displacements. Furthermore, (1)
is subjected to the optimization function in (2) to find the most active members for controlling the
nodal displacements. At the same time, the minimum and maximum limits of actuation are strictly
considered via (3).

2 min f (x) = Zn:eoi
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Figure 3: The members of the numerical single-layer dome structure.

Min f(x) is a function defined as fmincon in MATLAB and relies on interior-point optimization
algorithms. N is the number of actuators and eo is the amount of actuation per actuator. The function
searches for passive actuators in several iterations to exclude them from minimizing actuator numbers.

3) o] <[eo] <[V
Lb and Ub are the domain of actuation per actuator; in this study, the domain is set to be =10 mm.

3. Results and Discussion

This study focuses on the effect of changing the minimum allowable actuation per actuator on the
actuator numbers, nodal displacements, and internal forces after actuation. The absolute maximum
induced nodal displacements in the X-direction (max (abs (dx)), Y-direction (max (abs (dy)), and Z-
direction (max (abs (dz)) are presented in Table 1. In addition, the maximum absolute internal forces,
including axial force (max (abs (t), bending moment (max (abs (mom)), and torsion (max (abs (tor)),
are presented in the table. The goal was to reduce the nodal displacements to |5/ mm in all joints. The
minimum actuation limit (MLA) was changed from 0.1 mm to 1 mm with 0.1 mm increments. Only
three cases are shown, namely MLA= 0.1 mm, 0.5 mm, and 0.9 mm.

Table 1: Maximum absolute induced internal forces and maximum absolute induced displacements.

Max (abs | Max (abs (dy)) | Max (abs (d,)) | Max (abs (1)) | Max (abs | Max (abs

(dv) (mom)) | (tor))
mm N N.mm

14.68 | 9.91 | 2.65 7787 1676 | 1042

3.1 Case 1 (MLA=0.1 mm)

Figure 4 shows the minimization of actuator numbers and actuation amount for MLA=0.1 mm in 22
iterations. The actuator number in the last step is 84, while the actuation is 30. The figure also illustrates
that the absolute maximum actuation increases in subsequent iterations. This is because the remaining
ones take the effort of the excluded actuators.

The joint post-adjustment displacements for MLLA=0.1 mm are presented in Fig 5. The results confirm
that the nodal displacements after adjustment within the permitted domain except to iteration 2, dx2,
are almost 5.3 mm. In addition, the changes of maximum absolute internal forces, including axial force
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(t) moment (mom) and torsion (tor) in 22 iterations, are shown in Fig 6. An increase in the maximum
axial forces and the bending moment can be observed from the 1st to the last iteration. In contrast, the
maximum absolute torsion fluctuated in the middle iterations, but the value of the last iteration was
almost the same as that of the first iteration.
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Figure 4: Actuator numbers and actuation in 22 iterations when MLA=0.1 mm.
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Figure 5: Maximum absolute displacements in 22 iterations when MLA=0.1 mm.
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Figure 6: Maximum absolute internal forces in 22 iterations when MLA=0.1 mm.

3.2 Case 2 (MLA=0.5 mm)

In this case, the optimum solution was obtained in 7 iterations. Similar to case 1, the number of

actuators and amount of actuation declined. In contrast, the absolute maximum actuation increased, as
presented in Figure 7. The states of nodal displacements in 7 iterations are presented in Fig 8. The

changes in the internal forces in 7 iterations are shown in Figure 9. Figure 8 confirms that the nodal

displacements were controlled within the permitted limit. Moreover, Figure 9 shows an increase in

the maximum absolute internal forces in subsequent iterations due to changing the length of the

members by actuation.
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Figure 7: Actuator numbers and actuation in 7 iterations when MLA=0.5 mm.
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Figure 8: Maximum absolute displacements in 7 iterations when MLA=0.5 mm.

3.3 Case 3 (MLA=0.9 mm)

In this case, the optimum solution was obtained in 5 iterations, as presented in Figure 10. As in the
previous cases, the actuator numbers and total amount of actuation dropped in subsequent iterations
while the absolute maximum actuation increased. Figure 11 shows that the displacements exceeded
the domains in iterations 4 and 5 since the actuation limit was increased and the number of actuators
decreased. For this reason, iteration 3 should be taken as the optimum solution.
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Figure 9: Maximum absolute internal forces in 7 iterations when MLA=0.5 mm.
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3.4 The Optimal Case

Figure 12 shows that the optimum case can be when MLA =0.7 mm, which provides the minimum
number of actuators, which is 21. The optimum solution has been obtained in 6 iterations, which is
less than the other MLAs except for MLA=0.9 mm and 1, but the nodal displacements in these two
cases passed the limit; thus, MLA =0.7 mm gives the optimum solution. The figure shows that, when
MLA=0.7 mm, the maximum actuation is 10 mm, while the total actuation is just over 90 mm. Figure
13 illustrates the nodal displacements in the last iteration for all cases within the boundary except for
the last two cases (MLA = 0.9 mm and MLA= 1 mm). Moreover, the internal forces in the last iterations
fluctuated between MLA= 0.1 mm and MLA=1 mm (see Figure 14). However, in this research, the
internal forces were not controlled.
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Figure 10: Actuator numbers and actuation in 5 iterations when MLA=0.9 mm.
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Figure 11: Actuator numbers and actuation in 5 iterations when MLA=0.9 mm.
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Figure 12: The number of iterations, actuator numbers, maximum absolute actuation, and total
actuation for different MLA.
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Figure 13: Maximum absolute displacements in the last iteration for 10 MLAs.
4. Conclusions

In this paper, different minimum limits of actuation (0.1 mm to 1mm with 0.1 increments) were tried
to control the shape of a single-layer dome frame structure. The study aimed to find the best MLA that
keeps displacement domains using minimum actuators. The nodal displacements were unleashed for
each MLA to take any value in = 5 mm in all directions. Meanwhile, members' axial force, bending
moment and torsion were monitored. The effects of changing the MLA on minimizing iterations,
actuators, and the total amount of action have been detailed. Moreover, the states of the internal forces,
including axial force, bending moment, and torsion in members, were described for each MLA. The
study found that the optimum MLA can be 0.7 mm, which involves minimum actuators (21 actuators)
found in minimum iterations (6 iterations); meanwhile, the domain of the displacements was kept.
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Furthermore, for the optimum case, the maximum actuation is 10 mm, and the total actuation is just
over 90 mm.
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Figure 14: Maximum absolute internal forces in the last iteration for 10 MLAs.
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