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Abstract— Steel brackets have a renowned potential of being 
used in bridge constructions as a load-bearing element. 
However, the excessive material usage in bracket 
manufacturing will lead to expensive constructions, increased 
energy consumption and a rise in carbon footprint.  To 
circumvent these challenges, this paper demonstrates a novel 
approach for producing an optimum and sustainable steel 
bracket for pedestrian bridge construction. Topology 
optimization is used as the tool of choice in this work, which has 
a proven record of arriving at the highest stiffness to weight 
ratio. This study uses an existing steel bridge bracket in 
Castleford Foot Bridge, England as a study case.  The bracket is 
optimized under several volume fractions and ultimately, the 
optimum design is selected based on both simulation results and 
practical considerations. It is shown that a considerable amount 
of material could be saved without sacrificing the strength and 
stiffness requirement of the bridge bracket. Without a loss of 
generality, the selected optimal design is manually extracted to 
a Computer-Aided Design (CAD) software for further post-
processing and analysis.  

Keywords— topology optimization, steel brackets, structural 
optimization, bridge construction, additive manufacturing, 
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I. INTRODUCTION  
Structural optimization is a process of finding optimal 

designs of structures with minimal stress, weight or 
compliance for a given amount of material and constraints. It 
offers improved structural designs by maximizing the 
stiffness, reducing material usage, and saving manufacturing 
time [1]. This will lead to lean designs with lower embodied 
carbon.  

The structural optimization methods can be classified into 
mainly three categories, namely topology optimization, shape 
optimization and size optimization as shown in Fig.1. In 
topology optimization, optimal material distribution is found 
by reducing material weight under a defined domain and load 
conditions [2].  Size optimization is a process of minimizing 
the weight of the structure by changing the sections effectively 
whereas in shape optimization the process is modifying the 
shape without changing the material weight [3].   Among these 
concepts, topology optimization is the widely used technique 
in obtaining the initial design of structures or structural 
components. 

Although many researchers have studied various structural 
optimization tools and presented novel designs, applications 
of those designs in the construction industry are still limited 
due to the complex geometries of the optimized designs. 
Nevertheless, the advantages of optimized designs are more 
powerful than the manufacturing challenges. The recent 
developments in additive manufacturing extend higher 
flexibility and efficiency for the fabrication of these structures 
by overcoming the manufacturing challenges. 

However, civil engineering applications are very few and 
there is a great possibility of utilizing these tools, especially in 
precast constructions. Nowadays, these novel, eco-friendly 
techniques are getting more focus all over the world because 
of their merits in the ever-evolving field of civil engineering. 

This paper presents a novel topology optimized design of 
steel brackets used in footbridges. In this section, the 
importance of structural optimization techniques and recent 
developments were briefly highlighted. Section two 
elaborates more on structural and mathematical concepts 
behind the topology optimization. Section three includes the 
background of the study, load calculations on the bracket, 
performed mesh sensitivity analysis and finite element 
analysis. Sections four five and six discuss the optimization of 
the structure, results and validation of the results respectively. 
Sections seven and eight describe the selection of optimum 
design, and CAD model generation respectively. Finally, 
section nine concludes the paper. 

II. TOPOLOGY OPTIMIZATION  
Many researchers have addressed different problems 

under the above optimization methods. Other than using size 
and shape optimization concepts, most literature demonstrates 
that most of the researchers have followed the topology 
optimization concept for their research studies. The final 
output of the topology optimization process can be identified 
as a strut-and-tie model which consists of a set of tensile ties 
and compressive struts [4]. This study also refers to topology 
optimization. Because topology optimization is a very 
powerful tool and it helps to address the limitations of 
traditional methods very effectively [2], [5]. In recent 
developments, image based data-driven frameworks have 
been implemented to predict the topologically optimal 
designs. Such data-driven techniques are proven to reduce the 
computational time significantly, which is an inherent 
bottleneck in conventional iterative topology optimization 
schemes [6], [7]. 

As mentioned in the previous section, using topology 
optimization, material weight can be reduced, and thus the 
cost of the design can be minimized, also giving an aesthetic 
appearance to the structure. Moreover, the stiffness of the 

Fig. 1. Different categories of structural optimization methods (a) size 
optimization (b) shape optimization (c) topology optimization [2]  



design is increased and thus an efficient design can be 
obtained after optimization. Researchers have stated that 
optimized designs are capable of performing 20% to 30% 
better than standard structures. Topology optimization guides 
the researcher to find where to remove the material from the 
model to introduce the voids. Numerous studies have been 
carried out to optimize brackets using topology optimization. 
Fig.2 shows a topology optimization of a steel cantilever beam 
[8].  

The formation of a topology optimization problem 
requires the definition of an objective function, design 
variables, and state variables [9]. The objective function (𝑓𝑓)  
can be either minimized or maximized based on the 
optimization problem. In this problem compliance was 
defined as (𝑓𝑓 ) and minimization of the compliance was 
achieved. 

In a topology optimization problem, if the Ω is the design 
domain, there will be an optimized subset Ω𝑚𝑚𝑚𝑚𝑚𝑚 ⊂ Ω. Here the 
density vector, 𝜌𝜌 represents the design variable that contains 
element densities, 𝜌𝜌𝑒𝑒𝑒𝑒𝑚𝑚 . Then the element local stiffness 
tensor can be expressed as (1) using the initial stiffness sensor, 
𝐸𝐸0 and 𝜌𝜌. 

𝐸𝐸(𝜌𝜌) = 𝜌𝜌𝐸𝐸0        (1) 

𝜌𝜌𝑒𝑒𝑒𝑒𝑚𝑚 = �1, 𝑖𝑖𝑓𝑓 𝑒𝑒 ∈  Ω𝑚𝑚𝑚𝑚𝑚𝑚
0, 𝑖𝑖𝑓𝑓 𝑒𝑒 ∈  Ω\Ω𝑚𝑚𝑚𝑚𝑚𝑚

       (2) 

and volume constraint can be expressed as,  

∫ 𝜌𝜌𝜌𝜌Ω = 𝑉𝑉𝑉𝑉𝑉𝑉(Ω𝑚𝑚𝑚𝑚𝑚𝑚) ≤ 𝑉𝑉0 Ω                                                                                

where 𝑉𝑉0 is the initial volume of the design domain 
 
In this problem, the global stiffness of the structure is 
maximized by minimizing compliance (𝐶𝐶).  

𝐶𝐶(𝜌𝜌) = 𝑓𝑓𝑇𝑇𝑢𝑢        (4)  

where 𝑢𝑢 solve the equilibrium equation 

𝐾𝐾(𝜌𝜌)𝑢𝑢 = 𝑓𝑓        (5)  

where 𝐾𝐾(𝜌𝜌) is 

𝐾𝐾(𝜌𝜌) = �𝜌𝜌𝑒𝑒
𝑝𝑝𝐾𝐾𝑒𝑒0

𝑛𝑛𝑒𝑒𝑒𝑒

𝑒𝑒=1

 

here, 𝐾𝐾𝑒𝑒0 is the initial elemental stiffness matrix  
 
Then the volume is minimized by introducing a volume 
constraint to the problem.  

𝑉𝑉(𝜌𝜌) = �𝜌𝜌𝑒𝑒
𝑝𝑝𝑉𝑉𝑒𝑒0

𝑛𝑛𝑒𝑒𝑒𝑒

𝑒𝑒=1

 

here 𝑉𝑉𝑒𝑒0 is the initial volume.  

III. STUDY MODEL OF STEEL BRIDGE BRACKET  

A. Background  
This study aims to propose a novel steel bridge bracket 

used in a footbridge using topology optimization. A bracket is 
a very short structural component that helps to support the 
vertical and lateral loads being transferred [10]. Brackets can 
be found in bridges, industrial buildings, commercial 
buildings, etc. For the finite element analysis of the bracket 
ABAQUS software package was used. Since the design 
optimization process is based on reducing material 
consumption, from a less amount of steel, the desired bracket 
can be obtained with a higher load-carrying capacity. Thus an 
optimized design contains a lesser volume than the design 
domain, by topology optimization of steel brackets, steel 
production can be reduced, and thus environmental pollution 
is minimized by reducing CO2 emission [11]. Hence 
promoting the application of more optimized brackets for 
bridges would be a decisive moment for the future world.  

As shown in Fig.3, a steel bracket in the Castleford 
footbridge in England is considered for this study [13].  The 
footbridge is made of smooth steel and the deck and handrail 
are made of hardwood. Brackets are used to support the timber 
deck and the handrail posts at 2.4 m centers along the line of 
the bridge.  Dimensions that were assumed in the analysis are 
listed in Table I. 

B. Load calculations on the bracket 
Loadings transferred from the timber deck were 

considered as the superimposed dead load on the bracket. 
Considering the spacing of the brackets as 0.8 m, uniformly 
distributed load on one bracket plate is determined as 0.0253 
MPa. Transferred load due to the weight of the pedestrians 
was considered as the live loads on the bracket. According to 
EN 1991-2[12], the pedestrian load, 𝑞𝑞𝑓𝑓𝑓𝑓 was calculated using 
(8) and then the uniformly distributed load on one bracket 
plate was determined. Lateral wind loadings on the bracket 
were calculated according to EN 1991 1-4 standards. 

TABLE I.  DIMENSIONS OF THE BRACKET 

Element Dimension  
Bracket length  1.4 m 
Bracket width 300 mm 
Bracket plate thickness  20 mm 
Bracket height at the free end 142.5 mm 
Bracket height at the fixed end 285 mm 
Loaded length of the bridge  131 m 

Fig. 2. Cantilver beam design domain and the corresponding optimized 
cantilever beam  [6] 

(7) 

 

(3) 

 

Fig. 3. Steel bridge brackets of the Castleford footbridge in England [13] 

(6) 

 



𝑞𝑞𝑓𝑓𝑓𝑓 = 2.0 +
120
𝐿𝐿 + 30

    kN/m2 

𝑞𝑞𝑓𝑓𝑓𝑓 < 2.5 kN/m2   &   𝑞𝑞𝑓𝑓𝑓𝑓 < 5 kN/m2                

Where loaded length 𝐿𝐿 = 131 m [13] 

𝑞𝑞𝑓𝑓𝑓𝑓 = 2.0 +
120

131 + 30
 = 2.745  kN/m2 

Uniformly distributed load on one bracket plate due to the 
pedestrian load = 0.0686 MPa.  

C. Finite element model 
As shown in Fig. 4, the bracket was modeled using solid 

elements in ABAQUS by assigning the following properties 
to it. The material properties of the steel are listed in Table II. 
A linear analysis was defined after assembling the created 
parts of the bracket. A uniformly distributed loading of 0.0939 
MPa was applied on each bracket plate.  In addition to that, 
lateral wind loads were applied at the nodes of the bracket 
plates. Fix boundary conditions were defined at the steel 
girder-bracket connection.  

D. Mesh sensitivity analysis  
In Finite Element Modeling, mesh sensitivity is a 

significant factor in obtaining accurate results and deciding 
the computing time. Elements with small size give more 
accurate results but spend more computing time, increasing 
the complexity of the model unnecessarily. On the other hand, 
elements large in size give less accurate results but save 
computing time and give only an approximate estimation of 
the results. Hence, it is important to decide the optimum mesh 
size before the analysis, considering the accuracy of the results 
and the computing time [14]. 

Starting from a finer mesh to a coarser mesh, by changing 
the element size, the model was analyzed and the internal 
strain energy and computing time were recorded. Then the no 
of elements versus the maximum internal energy and the 
computing time graphs were plotted as shown in Fig. 6 and 
Fig. 7, respectively.  

TABLE II.  MATERIAL PROPERTIES OF STEEL 

According to the graph, within the convergence region, 
14878 elements, which provide the best compromise between 
accuracy and simulation time, were used to mesh the bracket. 
The continuum 3D eight-node hexahedron solid elements 
(C3D8R) were used to model the bracket in ABAQUS as 
shown in Fig.5.  

IV. OPTIMIZATION OF THE BRACKET  
This section will discuss optimizing the linear system for 

several volume constraints. Thus the compliance (C) of the 
bracket is minimized under 0.3, 0.4, 0.5, and 0.65 volume 
constraints following (3) and (4), and a series of optimized 
models were generated as a result. Since the convergence of 
the optimization process may not be achieved with very low 
volume constraints, volume constraints were not selected 
beyond 0.3[15]. When defining the topology optimization 
process in ABAQUS, the top plate of the bracket was defined 
as a load applying region and boundary condition regions 
were assigned as frozen areas. When the minimum 

Property  Value 
Density of steel (kg/m3) 7800 
Density of timber (kg/m3) 1075 
Young’s modulus (N/mm2) 210000 
Poisson’s ratio  0.3 

Fig. 5. Finite Element Model of the steel bridge bracket 
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Fig. 6.  Variation of (a) internal energy and (b) computing time with 
respect to number of elements 
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Fig. 4. Loads and boundary conditions on the bracket  

Super Imposed Dead Load + 
Pedestrian Load 

Fixed Boundary 
Conditions 



compliance is reached, the convergence of the initial 
optimization process was achieved after 46 iterations for the 
0.3 volume constraint and at that time the optimized model 
relevant to that volume fraction was obtained [16].  

V. RESULTS  
The initial non-optimized bracket model was analyzed, 

and results were obtained. The obtained maximum von Mises 
stress was 7.686 MPa and the maximum displacement was 
0.169 mm. The obtained distribution of von Mises stress and 
displacement on the bracket shows in Fig.7.  Fig. 8 shows the 
results of optimization of the bracket under different volume 
fractions. Red color regions represent the elements with a 
higher density that contribute to the stiffness of the structure 
and blue color regions represent the elements with a lower 
density and can be removed under a lower volume fraction. 
Transitional regions represent the elements with an 
intermediate density [17], [18]. Optimized models have 
complex geometry, a truss-like structural shape. The 
maximum von Mises stress and the maximum displacement 
was recorded for each model. The summary of the results is 
listed in Table III.  

According to Eurocode guidelines, the maximum 
allowable displacement of a cantilever is limited to 
length/180. Hence for this bracket, the allowable maximum 
displacement will be, 7.8mm. Also, the yield strength of the 
steel which was used to manufacture the bracket is 355 MPa. 
Hence it is obvious that all the non-optimized models and the 
optimized models are within permissible limits. 

TABLE III.  OPTIMIZATION RESULTS FOR EACH VOLUME FRACTION 

 

As shown in Fig. 9 and Fig.10, volume fraction vs 
maximum von Mises stresses and maximum displacements 
curves were plotted. It is obvious that maximum von Mises 
stress and the maximum displacement of the bracket is 
increased with the decreasing of the volume fraction in this 
problem. 

VI. DESIGN VALIDATION  
Manual calculations were performed to validate the numerical 
results. For that, the moment area theorem was used to find 
the maximum (approximate) deformation of the bracket. Since 
the bracket is subjected to  an uniformly distributed load, the 
displacement at the free end of one bracket plate was 
calculated using (9).  

Volume 
constraint 

Max. von Mises stress 
(MPa) 

Max. displacement 
(mm) 

0.3 17.34 0.81 
0.4 13.13 0.77 
0.5 10.76 0.71 
0.65 8.96 0.60 

(a) 

Fig. 7. (a) von Mises stress distribution and (b) displacement distribution 
on the bracket 

(b) 

Fig.8. Optimized model under different volume constraints, v  
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By moment area theorem,  

𝐸𝐸
𝜌𝜌2𝑦𝑦
𝜌𝜌𝑥𝑥2

= −
𝑀𝑀𝑥𝑥

𝐼𝐼𝑥𝑥
 

𝐸𝐸
𝜌𝜌2𝑦𝑦
𝜌𝜌𝑥𝑥2

= −
𝑤𝑤𝑥𝑥2

2𝐼𝐼𝑥𝑥 �1 + 𝑥𝑥
𝐿𝐿�

3 

By integrating the above (10) with respect to 𝑥𝑥  twice, 
values for the deformation at the free end for each case were 
obtained. By adding those values, the total deformation at the 
free end was calculated. 

Theoretical deformation value at the free end      = 0.163 mm 
Deformation at the free end in simulation results = 0.169 mm 
Difference in the values = 0.169mm – 0.163mm = 0.006 mm 
 
Percentage error of the two results is only 3.7%, which can be 
considered as a good approximation. Therefore, the numerical 
results are validated. 

VII. SELECTION OF THE OPTIMUM DESIGN 
 Since every optimized model is safe in yielding and 

serviceability state, the optimized model with the lowest 
volume constraint was selected as the optimum design.  Hence 
the model that was optimized under 30% volume constraint 
was the most efficient, safest, and non-yielding design to 
construct the brackets of the footbridge. Since this design 
offers the greatest mass reduction when compared to other 
topology optimized models, it will result in lower energy 
consumption during design manufacturing and a lower carbon 
footprint. This will motivate the requirement of reducing steel 
production which has a significant contribution to increasing 
CO2 emissions and global warming.  Moreover, the lower 
material consumption will lead to manufacturing of cost-
effective products and thus lead to sustainable bridge 
constructions. 

VIII. MANUFACTURABLE COMPUTER-AIDED DESIGN MODEL 
GENERATION  

Complex geometry of the optimum design output using 
topology optimization creates a difficulty of producing 
geometrically feasible structures for traditional construction 
methods. At this point, recent technologies such as additive 
manufacturing methods can provide high-quality solutions for 
the topology-optimized outputs. However, the optimized 
model cannot be directly used for additive manufacturing. It 
needs to be first converted into a manufacturable CAD model.  

Above optimized geometries are only the starting point 
for further detailed design and manufacturing. Therefore, 
CAD model conversion is necessary since the CAD systems 
are today an integral part of most of the design process. Finite 
element meshes used in the structural optimization are 
dramatically different from the CAD geometric 
representations. Hence several post-processing steps will be 
followed to bridge the gap between the initial optimized 
design and the final manufacturable CAD design. In that 
process, some changes were introduced to the optimized 
model to eliminate irregular, complex edges, unusual shapes, 
and thicknesses [19]. Moreover, to reduce the requirement of 
self-supporting structures when manufacturing the design, 
performing a hangover analysis with the design is required 
[20].  

The topology optimized mesh of the selected model was 
obtained from the ABAQUS finite element software package. 
Then it was imported into the Rhinoceros software package 
and the CAD geometry was traced out using the finite 
element mesh. The geometry was improved by smoothing the 
topology and the resultant CAD model was obtained. Fig.11 
and Fig.12 show the CAD geometry of the selected optimized 
model and rendered view of the geometry.  

After the CAD model generation, the CAD geometry was 
imported into ABAQUS software for the re-analysis. 
maximum von Mises stress and maximum displacement 
obtained from the analysis was 13.82 MPa and 0.75 mm in 
order. Since both values are within permissible limits, the 
modified structure is acceptable. The obtained final von Mises 
stress distribution and displacement distribution are shown in 
Fig.13.   

IX. CONCLUSION 
In this paper, a novel design approach for steel brackets 

used in footbridges is presented. The topology optimization 
method was used to introduce an optimum structure for the 
bridge brackets by cutting out unnecessary material from the 
design domain and increasing its structural performance. Thus  

(9) 

 

(10) 

 

Fig. 11. CAD geometry created for the  selected model using Rhinoceros 
software packages  

Fig.12. Rendered view of the final steel bridge bracket design 

Fig.10.Variation of  maximum displacement  with respect  to volume 
constraint 
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this study leads to producing sustainable structures. A steel 
bracket in Castleford foot bridge was selected for this research 
study and it was analyzed using ABAQUS finite element 
software. Then the bracket was optimized under different 
volume fractions and the best-optimized model was selected 
for the manufacturing of the steel bridge bracket. According 
to the results, the optimized model with the 30% volume 
constraint was selected as the optimum design which will lead 
to the manufacturing of cost-effective, sustainable structures.  
Additive manufacturing methods will help to manufacture 
these types of models. Considering the manufacturing 
possibilities, the optimized model from the finite element 
software was converted into a manufacturable CAD model 
using Rhinoceros software package. The developed CAD 
model was again re-analyzed using ABAQUS and its 
structural performance was verified. Similarly, further 
optimization could be performed in terms of the shape of the 
geometry which is identified as a potential future work stems 
out from this paper.    
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(a) 

Fig.13. (a) von  Mises stress distribution, (b) displacement distribution 
of the final structure obtained from this study 
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