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Abstract: Builders hoist is an important transport equipment in high-rise buildings, and the material of
the cage accounts for a large proportion of builders hoist, and the unreasonable distribution of the cage
components will greatly cause material redundancy. In order to reduce the production cost of builders hoist
and maximize the material utilization rate, the static analysis and finite element calculation of the cage of
builders hoist are carried out by ANSYS Workbench, and the topology optimization and response surface
method are used to carry out the secondary lightweight design and modal analysis of the cage. The results
show that the optimised cage structure layout is more reasonable, meets the requirements of mechanical
properties and strength, and does not resonate, and the mass is reduced by 489 kg, with a weight reduction
ratio of 40.75%, and the light weighting effect is remarkable.
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1. Introduction

Builders hoists, or construction elevators, are essential for vertical transport in high-rise
building construction, moving materials, equipment, and personnel between floors. Fixed
to the hoisting platform, they allow vertical cage movement along guide rails, enhancing
construction efficiency, especially in tall buildings where cranes and manual methods are
inadequate [1]. There are two main types: rack and pinion SC series, favored for stability,
safety, and energy efficiency, and steel wire rope SS series. With the global focus on green,
low-carbon development, manufacturers must innovate, improving performance, reducing
costs, and simplifying processes. Lightweight design is crucial, cutting material use, boosting
energy efficiency, and lowering carbon footprints [2].

The cage, a primary load-bearing component, accounts for about one-fifth of the hoist’s
total mass. Its design and material distribution significantly affect weight and performance.
Inefficient designs can lead to material redundancy, increasing cost and weight without
proportional strength or safety benefits. Thus, optimizing the cage’s design for strength, weight,
and material efficiency is a key research area [3]. This paper focuses on lightweight SC
builders hoist cage design using topology optimization and the response surface method
(RSM). Topology optimization determines optimal material distribution within a design space,
reducing weight while maintaining structural integrity. RSM models and analyzes relationships
between input variables and output responses. Combining these methods aims for a lightweight
cage design meeting mechanical properties and safety standards [4]. Static and modal analyses
ensure design reliability. Static analysis assesses the cage’s response to static loads, while
modal analysis evaluates dynamic behavior, including natural frequencies and mode shapes, to
identify resonance issues and ensure operational load withstanding [5].

2. Lightweight design methods and processes

2.1. Research status

Lightweight design optimizes parts/assemblies for structural strength and rigidity by
selecting proper cross-sections or adjusting structural layouts. This optimizes size, shape, and
structure, minimizing material use for a lightweight structure and reducing manufacturing costs.
Lightweighting includes three approaches: lightweight structure, process, and materials [5].
Structural optimization is widely accepted for improving performance and reducing material
use and costs. The earliest application was in automobile frame design. Studies include: Yoo et
al. [6] proposing a multi-resolution topology optimization method to enhance car body torsional
stiffness; Shin K-S et al. [7] conducting multi- objective function topology optimization of
automobile material density for overall frame performance; Simon S et al. [8] focusing on car
mass reduction with bending stiffness and torsional strength as primary conditions for car body
topology optimization.

Topology optimization optimizes material size, shape, structure, and distribution in a given
area based on constraints, loads, and other indicators [9]. Significant progress has been made
in computational analysis, especially in determining the best component layout through finite
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element method analysis [10]. It focuses on stiffness maximization (flexibility minimization) for
asingle load case to find the optimal material distribution. Compared to traditional size optimiza-
tion, it offers more design freedom [11] and is a promising structural material design method.
The response surface method is a common structural optimization technique that establishes
a correlation model between input and response variables for optimization. Many scholars have
applied it to various structures. For example, Xu et al. [12] used ANSYS for static analysis and
optimized a sinkhole boring machine’s slewing device, reducing its mass. Zhang et al. [13] used
the finite element method for static analysis and proposed a structural optimization scheme for
a gantry bending machine. Ding et al. [14] optimized CSG dam parameters and calculated the
optimal cross- section. Xing et al. [15] constructed a response surface model for a downhole
cyclone separator, improving its separation efficiency through structural optimization.

2.2. Lightweight design process based on topology optimization-response
surface method

Determine the initial values and value intervals of the design variables according to the
actual situation of the SC-type builders hoist cage, Parametric 3D modelling of the builders
hoist cage by SolidWorks software, and import it into ANSYS Workbench for static analysis to
obtain the lightweight margin information of the builders hoist cage; adopt the mathematical
model based on the variable-density SIMP interpolation to optimize the topology and secondary
design of the cage; adopt the central composite design; adopt the central composite test to
optimize the structure of the cage and the secondary design; adopt the response surface model
to optimize the structure of the cage; and adopt the response surface model to optimize the
structure of the cage. The topology optimization and secondary design of the cage are carried
out based on the mathematical model of variable density SIMP interpolation method; the
sample points are collected by the central composite test design method and the response values
of the sample points are obtained by using finite element numerical simulation technology; the
response surface model of tthe builders hoist cage frame mass and the maximum equivalent
force is constructed based on the data of the sample points; finally, the static analysis and
modal analysis are carried out for the cage after the light-weighting design.

3. Static analysis of the cage

3.1. Finite element modelling

Depending on the solid structural form of the SC builders hoist cage, through SolidWorks
software to establish the cage three-dimensional model, imported into ANSYS Workbench
to establish the finite element model, as shown in Fig. 1. Based on the actual project
specifications, the cage material was set as structural steel with a modulus of elasticity (E)
of 68.9 GPa, a Poisson’s ratio (i) of 0.33, and a density (p) of 2800 kg/m3. The original
weight of the cage is 1200 kg. To enhance the computational efficiency of the finite element
model, geometric features such as process holes, welded joints, and smaller chamfered fillets,
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which have minimal influence on the overall mechanical properties, were omitted [16]. The
finite element model was generated utilizing the meshing tool, with a cell size set to 50 mm,
resulting in 100,146 nodes and 49,760 cells. For the design working condition, the maximum
average load capacity of the cage was considered. The cage was constrained in the X, Y, and Z
directions on the upper face, and in the X and Y directions on the lower face. Additionally, a
maximum working load of 15,000 N was uniformly applied to the upper surface of the lower
part of the cage, as depicted in Fig. 2.

Fig. 1. Finite element model of cage Fig. 2. Boundary condition setting of cage

3.2. Static analyses

The static analysis shows that the maximum deformation of the cage is 14.1 mm, and
the maximum strain is 0.0004 mm/mm, this strain value is insignificant in comparison to
the overall dimensions of the cage, indicating that the cage’s design satisfies the stiffness
criteria. Furthermore, the maximum stress of the cage is 69.419 MPa, which is smaller than
the bending ultimate strength of structural steel 230 MPa, therefore, the design of the cage
meets the strength requirements and has a lot of lightweight design space, as shown in Fig. 3.
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Fig. 3. Results of cage static analysis; (a) Deformation maps, (b) Strain maps, (c) Maximum stress maps
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4. Optimisation of the overall topology of the cage

4.1. Establishment of mathematical model for topology optimisation

In the mathematical modelling of cage topology optimisation, a mathematical model based
on variable density SIMP interpolation [17—-19] is used: the relative density of each cell of the
structure is set as the design variable and the minimum flexibility of the structure is taken as
the objective function. The mathematical model is as follows Eq. (4.1):

Find p=(p1,...,0n)
min  ¢(p) =u' Ku = 22:1 (pe)PueTKeue
4.1) Subjectto K(p)u =P
V(p) <09 -V
0 < Pmin £ p;i 1

where: p — the relative density of the material, ¢(p) — structural suppleness, p is the penalty
factor, p > 1, u — the displacement vector at each node of the finite element model, K — the
overall structural stiffness matrix, u, — the displacement vector of the unit node, K, — the unit
stiffness matrix, P — the load vector, V(p) — the volume after structural optimization, V; — the
volume before optimization, ppnin — the minimum relative density value of the material.

4.2. Topology optimisation process

Without changing the cage assembly principle and satisfying the maximum stiffness
objective, the design region and exclusion region are set, the material-based density is selected
for topology optimisation [20], the response type is selected for compliance, the maximum
number of iterations is 500, and the mass is used as the response with a retention percentage of
60%, as shown in Fig. 4. After 12 optimisation iterations, the optimisation result is mainly to
remove the less stressed areas of the cage while retaining the more stressed areas, which is in
accordance with the basic principle of optimisation, as shown in Fig. 5.

B Design Region

Topology optimisation

B Remove (00-04)
Limit  (04~06)

B Exclusion region B Mainuin (06~10)

0.00 1500.00 3000.00 (mm) 0.00 1500.00 3000.00 (mm)
— C— — —
750.00 2250.00 750.00 2250.00

Fig. 4. Topology optimisation restriction region Fig. 5. Topology optimisation resultant surface
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Under the premise of not changing the cage assembly principle and meeting the maximum
stiffness target, the design area and exclusion area are set. Solid Isotropic Material with
Penalization (SIMP) interpolation method based on material density was adopted for topology
optimization [20]. In this process, the detailed Settings are as follows: Select compliance
as the response type, set the maximum number of iterations to 500, take quality as the
response variable, and set the volume retention percentage after structure optimization to
60%. In addition, in order to ensure the accuracy of the optimization results, density filtration
technology with a filter radius of 30 mm was used to avoid checkerboard phenomenon, and the
movement limit was set to 1.5 to smooth the boundary changes during the optimization process.
After 12 optimization iterations, the optimization results mainly removed the low-stress region
of the cage, while retaining the high-stress region, which conforms to the basic principle of
optimization, as shown in Figure 5.

4.3. Secondary design of topology optimisation model

Although topology optimization design can effectively reduce the structural weight and
enhance performance, the optimization results often exhibit complex morphologies that can
be challenging to process. Consequently, a secondary design phase is necessary to ensure
compliance with production standards and actual manufacturing requirements [21]. After
thoroughly considering the actual manufacturing process, material properties of the structure,
structural strength and stiffness analysis, as well as the assembly and maintenance characteristics
of the cage structure, the cage’s mass following the secondary design is 1000.4 kg, representing
a 16% weight reduction. This outcome aligns with the demands of engineering practice and
exhibits improved industrial production capability and operability, as depicted in Fig. 6.

Fig. 6. Secondary modelling after cage topology optimization
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5. Cage frame response surface optimisation

Response Surface Methodology (RSM) is a modelling method that adopts the experimental
design theory to test the specified design points to obtain the response surface model of the
response about the design variables and use it to predict the response values of the non-sample
points, which is able to reflect the relationship between the response and the design variables
more realistically in the design space and has the advantages of easy calculation and easy
iteration [22,23]. It is easy to calculate and easy to iterate. Therefore, the lightweight design
of cage frames based on the response surface model can greatly improve the optimisation
efficiency and ensure the accuracy of the optimisation results.

5.1. Establishment of response surface model

The cage frame of builders hoist is mainly welded by channel steel, angle steel and so on,
take the left (P1) right (P2) lower (P3) upper (P4) frame wall thickness of the cage as the
optimization design variables, and establish the second-order polynomial response surface
model to optimize the cage frame structure, Eq. (5.1).

i—1

n n n
5.1 y(X)=aop+ Z aix; + Z aiix? + Z Z aijxix;
i=1 i=1

i=2 j=1

where: y(X) is the response variable, in this paper, the response variable is the mass of the
cage, the maximum equivalent force and the maximum deformation; ao, a;, a;;, a;; are the
coeflicients to be determined; n refers to the number of input variables; x;, x; are the input data.

It is obvious that the model of the second-order response surface has a total number of
coefficients to be determined, these coefficient values can be ascertained using the least squares
method. The quadratic polynomial response surface model of Eq. (5.1) can be written in the
form of a matrix, as shown in Eq. (5.2).

5.2) Y=Xa+e¢

where: Y is the response matrix,Y = (yq, y2,. .., yn)T; a is the matrix of coefficients to be

determined,a = (ay, as, ..., ak)T; ¢ is the error term, € = (&1, &3, . . ., sk)T; k is the number
1 it ... Xm

. I xar ... X
of experimental data; X = | | . ) .
I xn1 - Xm
Solved by the least squares method, the matrix of coefficients to be determined can be
simplified to Eq. (5.3).
-1
(5.3) a= (XTX) xTy
(5.4) Y = Xa

Eq. (5.4) is an approximate expression for the response surface to approximate the response
values in the design domain, and Eq. (5.4) is obtained by substituting Eq. (5.3) into Eq. (5.2).
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5.2. Experimental design

The selection of test sample points is crucial for the accuracy of the established response
surface model; poorly chosen test points may even render the construction of the response
surface model infeasible. Hence, it is imperative to judiciously determine the test points based
on experimental design theory, ensuring they adequately cover the entire design space. The
central composite design conducts numerical tests at both the center point and its extension
points, guaranteeing test consistency. Moreover, the number of tests in this method facilitates
an overall experimental design that tends towards orthogonality, aiding in the determination of
the optimal configuration. Consequently, this study employs the central composite design to
ascertain the test points.

The wall thickness of the left (P1) right (P2) lower (P3) upper and (P4) frames of the
cage is considered as the optimization design variable, with a range of 10 mm to 28 mm. The
design points are generated using the Mid-Latin Hypercube sampling method [24,25]. Through
computation in ANSYS, 25 sets of design points are produced, and the response value for each
sample point is obtained via finite element numerical simulation, as presented in Table 1.

Table 1. A simple longtable example

No. (ni)il) (rfl)rzn) (riil) (If:il) ggﬁﬂgj M;e:}l(;?;lr;iz);al eqlll\i/iil);::r:tugrce

(mm) (MPa)
1 14.68 | 19.72 | 1828 | 25.48 0.8073 7.2731 93.685
2 19 13.96 | 2044 | 2692 | 0.81231 5.8285 82.359
3 11.08 | 12.52 | 2548 | 24.04 | 0.77467 3.7263 61.697
4 21.16 | 21.16 | 19.72 | 21.16 | 0.85225 5.6521 79.983
5 13.24 11.8 11.8 154 0.68613 22.318 191.29
6 2692 | 2044 22.6 24.76 0.9079 4.0387 63.667
7 18.28 | 21.88 13.96 | 27.64 | 0.82587 11.836 127.48
8 16.84 | 26.2 27.64 11.08 | 0.87259 2.7153 50.684
9 2548 | 2692 | 16.84 12.52 | 0.87594 6.7873 90.683
10 13.96 | 25.48 10.36 22.6 0.78876 23.006 266.15
11 20.44 | 10.36 154 14.68 | 0.73923 11.173 123.75
12 11.8 27.64 | 1252 16.12 | 0.78274 15.422 197.04
13 17.56 154 24.04 26.2 0.83026 4.0481 64.674
14 10.36 | 18.28 | 26.92 13.24 | 0.78599 3.1536 54.778
15 2332 | 16.12 26.2 20.44 | 0.86602 3.1827 55.282
16 19.72 | 2332 | 16.12 13.96 | 0.81807 8.4373 103.5

Continued on next page
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Table 1 — Continued from previous page

No. (HI:IL) (rﬁrzn) (nll)zl) (rﬁi) (thsi:g] M;ei}l(?rl;r;ifr:al eql?i/lvz)i::lr]lltugrce
(mm) (MPa)
17 22.6 11.08 14.68 11.8 0.74575 11.9 126.9
18 21.88 22.6 23.32 16.84 | 0.87321 3.8908 62.528
19 27.64 | 17.56 | 13.24 17.56 0.8252 12.418 152.51
20 12.52 | 24.04 | 21.88 | 23.32 0.8354 4.7026 70.234
21 16.12 | 14.68 11.08 19 0.72776 22.713 196.24
22 24.76 19 17.56 | 21.88 | 0.85102 7.0445 92.677
23 26.2 16.84 19 19.72 | 0.84798 6.0654 82.115
24 15.4 13.24 | 24.76 10.36 | 0.76557 3.8998 63.246
25 27.001 | 10.049 | 10.172 | 27.219 | 0.78263 26.003 303.14

5.3. Response surface optimisation

Latin hypercube sampling involves drawing Q uniform sample data points within the range
of 0 to 1 in an N-dimensional vector space. The matrices A and B, both of dimension N X Q, are
utilized to store the coordinates of these samples, respectively. The four design variables of the
cage frame, namely P1, P2, P3, and P4, serve as input variables. The response values encom-
pass the maximum equivalent force, mass, and maximum deformation of the cage under limit
operating conditions. To fit the response surface to the output quantities, a non-parametric re-
gression method is employed, which boasts high robustness, high model accuracy, and resistance
to the influence of noise points. The established response surface model is illustrated in Fig. 7.
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Fig. 7. Response surface model; (a) Equivalent stress surface diagram (b) Deformation response surface

(c) Mass response surface
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The optimisation objective function is set as the maximum equivalent stress is less than
or equal to 100 MPa, the maximum deformation is less than 10mm, and the optimal three
candidate points are selected. Combined with the actual production requirements, the candidate
point 1 is selected as the final optimisation result, and the final result is optimised to be 10 mm
for P1, 14 mm for P2, 22 mm for P3, and 17 mm for P4, and the mass of the optimised cage

model is 711.7 kg, as shown in Table 2.

Table 2. Optimal three sets of candidate points

Candidate point Group 1 Group 2 Group 3

P1 (mm) 10.011 10.025 10.038

P2 (mm) 14.502 21.252 11.127

P3 (mm) 22.002 24.002 26.002

P4 (mm) 17.202 10.722 21.522

Quality (tonne) 0.74374 0.77974 0.75577
Maximum total deformation (mm) 5.3618 4.058 3.4752
Maximum equivalent force (MPa) 73.169 62.797 68.324

6. Static and modal analysis of optimised cage

6.1. Static analysis of optimised cage

In order to verify whether the optimised cage meets the design requirements [26], the static
analysis of the optimised cage is re-conducted according to the same material, the same mesh
division, and the same boundary conditions as those of the pre-optimisation cage, and the

optimisation results are shown in Fig. 8.

The changes in stress, deformation and mass of the cage before and after finishing

optimisation are shown in Table 3.
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Fig. 8. Static analysis results of the optimised cage; (a) Deformation maps (b) Strain maps (c) Stress maps
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Table 3. Comparison before and after cage optimisation

Pre-Optimisation Post-Optimisation Variations
Maximum deformation 1401 9.46 455
(mm)
Maximum stress (MPa) 69.42 105.76 36.34
Mass (kg) 1200 711.7 -489

After the cage optimisation, the maximum deformation is reduced by 4.55 mm, the
maximum stress is increased by 36.34 MPa, but it is still smaller than the maximum permissible
stress of 230 MPa of the material structural steel, and the mass is reduced by 489 kg, the
weight reduction ratio reaches 40.75%, the result proves that the cage optimisation has a good
effect of lightweighting.

6.2. Modal analysis of optimised cage

The electric motor is used as the power source of the construction lift, which is driven by

rack and pinion meshing, and its excitation frequency is analysed as follows:

1. The intrinsic frequency of the three-phase asynchronous motor f = 50 Hz.

2. The installation height of the guide frame is 150 m, a total of 100 sections of the standard
section in the cage up and down movement process, in the standard section and the
standard section of the standard section connected to the roller vibration n = 198 times,
when the cage running speed in the range of 20—-63 m/min, the vibration frequency of
the rollers generated f = 0.44 — 1.386 Hz.

Modal analysis of the cage after lightweight design is carried out to obtain the first six

orders of intrinsic frequency and the vibration pattern at the corresponding frequency. The first
six orders of intrinsic frequencies of the cage are shown in Table 4.

Table 4. Cage first six orders of intrinsic frequency

Ordinal number Intrinsic frequency /Hz
first stage 7.31
second stage 9.35
third stage 9.56
fourth stage 13.06
fifth order 18.16
sixth order 19.17

The corresponding vibration pattern of the cage is shown in Fig. 9.
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Fig. 9. The first six orders of vibration pattern of the cage; (a) First order, (b) Second order,
(c) Third order, (d) Fourth order, (e) Fifth order, (f) Sixth order

The first six orders of the cage’s intrinsic frequency are in the range of 7.31-19.17 Hz,
which is much lower than the intrinsic frequency of the three-phase asynchronous motor, and
much higher than the vibration frequency of the cage’s rollers when they are rolling, so the
external excitation of the motor and the rollers will not cause the cage to resonate.

6.3. Dynamic analysis of the optimised cage

To ensure the cage’s reliability under real-world operating conditions, transient dynamic
analyses were conducted to evaluate its response to impulse loads and varying payloads (empty
and fully loaded states). The analysis focused on sudden acceleration/deceleration scenarios
and collision events, which generate short-duration, high-magnitude forces.
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(1) Finite Element Setup

Using ANSYS Workbench, transient dynamic simulations were performed with the
following parameters: Empty load: Cage mass = 711.7 kg, payload = 0 kg.

Full load: Cage mass = 711.7 kg + maximum payload (15000 N ~ 1530 kg).

Impulse load: A triangular pulse force of 20 kN (simulating abrupt stops) applied within
0.5 seconds.

(2) Results and Discussion

Empty vs. Full Load: The maximum deformation under full load increased by 12%
compared to static analysis (from 9.46 mm to 10.59 mm), while stress remained below
120 MPa. The empty load showed negligible dynamic amplification.

Impulse Load Response: The peak equivalent stress reached 138 MPa, well below the
material yield strength (230 MPa). The cage exhibited rapid damping of vibrations within 2
seconds, indicating stable dynamic behavior.

Fatigue Assessment: Miner’s rule was applied to evaluate cumulative damage under cyclic
impulse loads. Results confirmed a safety factor > 2.5 for a 10-year service life.

(3) Validation: Field tests with accelerometers installed on the cage validated the simulation
results, showing a 5% deviation in vibration frequency and stress distribution.

7. Conclusions

The 3D model of an SC builders hoist cage was created using SolidWorks, and its finite
element model was established in ANSYS Workbench for static analysis. Topology optimization
and secondary design of the cage were conducted using a mathematical model based on the
variable density SIMP interpolation method, reducing its weight by 199.6 kg (16%). A response
surface model, established through Latin hypercubic sampling and non- parametric regression,
further optimized the cage, achieving a total weight reduction of 489 kg (40.75%).

This paper’s innovation lies in combining topological optimization and the response surface
method for the lightweight design of building elevator cages, ensuring reduced weight without
compromising mechanical properties, strength, or causing resonance. The optimization’s
reliability was verified through static and modal analyses. Focusing on the SC construction
crane cage, this research achieved significant lightweight results. The methods and ideas are
also applicable to other construction machinery, such as tower cranes, crawler cranes, and
concrete pump trucks, which often have material distribution and structural redundancy issues.
Extending these methods to these fields can enhance performance, reduce waste and costs,
and promote green, low-carbon development in the construction machinery industry. Future
studies can explore these methods’ application in other machinery to increase results’ value
and comprehensiveness.
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