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Abstract

To reduce ram deflection and positional deviation at the boring spindle front end of
a floor-type milling and boring machine under large extension, a ram-boring spindle
assembly was investigated. A finite element model was established based on the actual
structure, guideway support, and spindle assembly. Gravity-induced deformation and
vertical displacement at the boring spindle front end under different extension conditions
were analyzed to identify weak regions. The Solid Isotropic Material with Penalization
method was then used to optimize the adjustable internal region of the ram with the
objective of reducing structural compliance. The topology–density distribution and the
deformation characteristics under different extension conditions were then used to guide an
engineering reconstruction of the internal stiffeners, considering casting, assembly, internal
space constraints, and engineering experience. Static analysis, displacement testing, and
modal analysis were performed to verify the optimized structure. Results show that the
maximum total deformation under simultaneous maximum extension decreased from
0.10268 mm to 0.097325 mm, while the mass decreased from 2424 kg to 2363 kg. The
measured vertical displacement decreased from 0.114 mm to 0.108 mm. The first six natural
frequencies increased by 1.48–5.91%. The proposed reconstruction improves deformation
control and dynamic performance while reducing mass.

Keywords: floor-type milling and boring machine; ram structure; topology optimization;
stiffener reconstruction; end deformation control

1. Introduction
Floor-type milling and boring machines are widely used for the precision machining

of large and complex components in energy equipment, aerospace, shipbuilding and
heavy machinery industries because of their long machining strokes, high load-bearing
capacity, and strong process adaptability. The ram is a key load-bearing and feeding
component connecting the spindle system and the machine body, and its structural stiffness
and deformation behavior directly affect the position and attitude accuracy of the tool
center point. Owing to its box-type thin-walled structure with a large slenderness ratio,
the support condition and cantilever characteristics of the ram vary continuously as the
extension length increases. Under the combined effects of self-weight, spindle and accessory
mass, and cutting loads, the ram is prone to vertical deflection, lateral displacement, and
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front-end angular deformation. These deformations may further cause positional deviation
at the boring spindle front end and be transmitted to the tool center point through the
tool mounting relationship, thereby affecting bore positioning accuracy, coaxiality, and
machined surface quality. Therefore, reducing ram deflection and positional deviation at
the boring spindle front end while controlling structural mass is important for improving
the full-stroke accuracy retention of floor-type milling and boring machines.

Research on deformation and accuracy loss caused by ram extension has mainly fo-
cused on deformation prediction and compensation. Early studies on floor-type milling
and boring machines mainly addressed ram deflection through mechanical compensation.
Wu Fenghe et al. investigated the deflection behavior of a large-stroke ram in a super-
heavy CNC floor-type milling and boring machine by combining theoretical analysis, finite
element calculation, and experimental testing, and established the relationship between
compensation force and ram stroke [1]. On this basis, Wu et al. [2] derived the compensa-
tion force and moment of a ram assembly based on force and moment equilibrium, and
compensated the deformation of the ram and headstock using tie rods, hydrostatic guide-
way pressure adjustment, and steel wire ropes. To reduce the additional axial deformation
introduced by conventional tie-rod compensation, Wu and Zhao [3] further proposed a
combined tie-rod and push-rod compensation structure. In addition to mechanical compen-
sation, improving the prediction and correction accuracy of machine tool deformation has
also received attention. Han et al. [4] combined self-weight test data with a finite difference
model to correct finite element calculation results for large cast-iron structures, thereby im-
proving the prediction accuracy of gravity-induced deformation. More recently, geometric
error measurement, modeling, and compensation for CNC machine tools have been sys-
tematically reviewed, showing that volumetric error modeling and compensation remain
important approaches for improving machining accuracy [5,6]. Thermal error compensa-
tion has also developed toward position-dependent and data-driven strategies, especially
for multi-axis machine tools with varying thermal boundary conditions [7]. These stud-
ies indicate that compensation strategies based on position, load, and temperature states
can effectively improve machining accuracy. However, such methods strongly depend
on compensation models, sensor accuracy, and actuator stability, and the compensation
parameters often need to be re-identified when the ram extension position, accessory mass,
or machining state changes. More importantly, compensation methods mainly correct the
consequences of structural deformation rather than fundamentally improving the material
utilization and bending stiffness of the ram itself.

Compared with compensation methods, structural optimization can improve the
load-bearing efficiency of key machine tool components by directly adjusting material
distribution and load transfer paths. Traditional structural optimization of machine tools
usually takes wall thickness, stiffener dimensions and local geometric parameters as design
variables. Bai et al. [8] proposed a multiobjective optimization method for the bed structure
of a CNC gantry machine tool based on neural networks and intelligent optimization
algorithms, showing that the coordinated optimization of mass, static stiffness, and dy-
namic characteristics is still an important route for improving machine tool performance.
However, parametric optimization is generally based on existing structural configurations
and is therefore limited by the initial layout and design experience. To overcome the
limitations of predefined structural forms, topology optimization has been increasingly
applied to the structural design of machine tool components. Lin and Chang [9] improved
the stiffness of a machine tool structure through topology optimization based on machining
characteristics, and showed that topology-derived structures can enhance stiffness while
maintaining reasonable structural mass. Behera et al. [10] further used topology opti-
mization to improve the structural and dynamic performance of a high-precision five-axis
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machine tool, indicating that topology-based design can be used to improve the stiffness
and dynamic characteristics of complex machine tool structures. With the increasing de-
mand for high-speed and high-precision machining, structural optimization has gradually
shifted from static stiffness improvement to the coordinated enhancement of static and
dynamic performance. Liu et al. [11] proposed a ground-structure-method-based stiffener
layout topology optimization method for a horizontal machining center headstock cover
plate, in which the stiffener layout was optimized by maximizing the natural frequency, and
the first six natural frequencies were effectively improved. In addition, recent studies on
CNC gantry machine tools and machine tool moving structures have further confirmed that
finite element analysis, topology optimization and intelligent optimization algorithms can
be combined to improve lightweight performance, stiffness and modal characteristics [8,12].
These studies indicate that topology optimization provides an effective way to generate
more reasonable material layouts than conventional size optimization. However, topology
optimization results are often obtained as irregular material density distributions, and they
still need to be transformed into manufacturable stiffener structures that satisfy casting,
assembly and internal space constraints. Moreover, for machine tool components with
obvious dynamic requirements, low-order modal performance should also be considered
during structural reconstruction.

Although recent studies have established a relatively complete route from weak-
region identification and topological configuration generation to manufacturable structural
reconstruction and performance validation, most investigated objects are machine beds,
columns, headstocks, cross rails and worktables with fixed or relatively stable support
conditions [8–12]. For example, Liu et al. [11] optimized the stiffener layout of a horizontal
machining center headstock cover plate by maximizing the natural frequency, while Lin
and Chang [9] and Behera et al. [10] improved the stiffness and dynamic performance
of machine tool structures through topology-based structural optimization. However,
these components differ from the ram of a floor-type milling and boring machine, whose
overhanging length, gravity-induced bending moment and guideway support state vary
continuously during extension. Wang et al. [13] proposed a static precision design method
for heavy-duty vertical machining centers based on gravity deformation error modelling,
but the investigated structure had a relatively stable support relationship. Bilgili et al. [14]
and Liu and Altintas [15] further showed that the dynamic behavior of machine tools can
be strongly position dependent, indicating that the structural response of machine tools
should be evaluated under changing configurations rather than under a single fixed posture.
Zhuang et al. [16] also demonstrated that machine tool support stiffness is affected by
structural weight and support reaction, suggesting that the equivalent boundary condition
of a guideway-supported component should be treated carefully when the load distribution
changes during motion.

For topology optimization, the optimized material density field usually contains
discontinuous or irregular features and cannot be directly used as a manufacturable engi-
neering structure. Jin et al. [17] proposed a parametric reconstruction method for topology
optimization results of curved stiffened structures, showing that topology-derived density
fields need to be converted into explicit geometric features before detailed design and man-
ufacturing. Busch et al. [18] also pointed out that deriving parametric CAD geometries from
topology optimization results is time consuming and that topology-optimized structures
should be transformed into production-oriented lightweight designs. In addition, Guo [19]
noted that large components and large machine equipment are prone to deformation
and require high-precision machining and measurement strategies, while Wang et al. [20]
emphasized that geometric accuracy design of CNC machine tools involves the coupled con-
sideration of modeling, analysis, optimization and accuracy verification. Taguchi methods
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and artificial-neural-network-assisted approaches have also been applied to engineering
optimization and performance prediction [21,22]. Related studies have also investigated
the integration of geometric and servo-dynamic errors, correlation modeling of intra-axis
errors, temperature-distribution modeling during milling, and compensation of trajectory
errors in high-speed end-mill boring, further demonstrating the importance of multi-source
error modeling and compensation in improving CNC machining accuracy [23–27]. There-
fore, for the ram of a floor-type milling and boring machine, evaluating only the maximum
deformation or a single compliance value under the fully extended condition is insufficient
to characterize its deformation behavior over the operating stroke. It is also necessary
to identify the principal regions affecting front-end positional deviation under different
extension conditions and to use the topology–density distribution as a guide for subsequent
stiffener adjustment. Because the irregular topology result cannot be directly adopted as
a cast ram structure, the final stiffener layout must be determined by jointly considering
the deformation characteristics, topology result, casting feasibility, assembly requirements,
internal installation space and engineering experience. The reconstructed structure should
then be verified through static analysis, modal analysis and experimental testing.

Based on the above analysis, this study investigates the ram-boring spindle assembly
of a floor-type milling and boring machine, with particular emphasis on gravity-induced
deformation, positional deviation at the boring-spindle front end and structural lightweight-
ing under large-extension conditions. First, a finite element model is established based on
the actual ram structure, guideway support configuration and spindle-system assembly
relationship. Typical operating conditions, including maximum ram extension, maximum
boring-spindle extension and simultaneous maximum extension of both components, are
analyzed to reveal the stroke-dependent deformation characteristics and identify the prin-
cipal regions governing front-end positional deviation. Subsequently, the design and
non-design domains of the ram are defined, and SIMP topology optimization is performed
to obtain the material-density distribution under the representative unfavorable condi-
tion. The topology result is then combined with the deformation-analysis results and
engineering experience to guide the reconstruction of the internal stiffeners, while the
external dimensions, guideway mating surfaces, spindle-mounting regions, casting fea-
sibility, assembly requirements and internal installation space are retained as practical
constraints. Finally, the original and reconstructed structures are compared in terms of
mass, gravity-induced deformation, boring-spindle front-end displacement and low-order
natural frequencies. The reconstructed ram is manufactured, and displacement testing is
conducted to verify the effectiveness of the proposed design. Through the integration of
stroke-dependent deformation analysis, topology-guided stiffener reconstruction and ex-
perimental validation, this study provides a practical engineering approach for improving
gravity-induced deformation control and structural lightweighting of large overhanging
machine-tool components.

2. Deformation Analysis and Weak Region Identification of the Ram
2.1. Finite Element Model and Extension Conditions of the Ram

The ram-boring spindle assembly of a floor-type milling and boring machine was
selected as the research object. It mainly consists of the ram, boring spindle, milling spindle
and headstock, as shown in Figure 1. The ram is installed inside the headstock and extends
in the axial direction, while the boring spindle and milling spindle are arranged at the
front end of the ram, together forming the machining end structure. The ram adopts
a closed box-type thin-walled structure. Longitudinal stiffeners are arranged along its
length and connected by several transverse stiffeners. Local ring-shaped and reinforced
structures are provided near the spindle mounting and guideway support regions to ensure
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continuous load transfer inside the ram, as shown in Figure 2. During machining, both
the ram and the boring spindle can extend axially. As the overhanging length increases,
the system centroid gradually moves away from the headstock, and the ram undergoes
obvious bending deformation under its own weight and the mass of the boring spindle
and spindle accessories, further causing positional deviations at the ram front end and the
boring spindle front end. Since the boring spindle front end is close to the tool mounting
position, its displacement can reflect the end positional deviation of the ram-boring spindle
assembly under gravity. Therefore, the vertical displacement at the boring spindle front end
was used as an important indicator for evaluating the accuracy retention capability of the
structure. The stiffener layout and material distribution inside the ram directly determine
its bending stiffness and end deformation control capability. Accordingly, the ram-boring
spindle assembly was taken as the analysis object. A finite element model was established
while retaining the ram shell, main internal stiffeners, guideway support surfaces, spindle
mounting regions and other key load-bearing structures, providing the basis for subsequent
deformation analysis and topology optimization under different extension conditions.

 
Figure 1. Schematic diagram of the ram assembly of the floor-type milling and boring machine.

Figure 2. Internal stiffener structure of the original ram.

To improve computational efficiency while retaining the main load-bearing character-
istics of the structure, small holes, chamfers and other non-critical geometric details were
appropriately simplified without changing the overall load transfer path and sectional
stiffness of the ram. A three-dimensional solid finite element model of the ram-boring
spindle assembly was then established. According to the actual material properties, the
ram was made of QT600-3, with a density of 7250 kg/m3, an elastic modulus of 172 GPa
and a Poisson’s ratio of 0.28. The spindle and boring spindle were made of 42CrMo
and 38CrMoAlE, respectively, both with a density of 7850 kg/m3, an elastic modulus of
210 GPa and a Poisson’s ratio of 0.29. The finite element analyses were performed using
ANSYS Workbench 2024 R1. The mesh method and element type were determined us-
ing the Program Controlled option, while a global element size of 20 mm was manually
specified. The original model contained 795,674 nodes and 416,386 elements. The ram
walls, principal internal stiffeners, guideway-supported regions, and spindle-mounting
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regions were retained to represent the global load-transfer path and sectional stiffness.
Because the present study focuses on the overall flexural deformation and low-order modal
characteristics rather than localized stress concentrations, small holes, chamfers, and other
non-critical geometric details were omitted. The same meshing strategy was adopted for all
extension conditions. The ram–headstock guideway interface was modeled using bonded
contact to represent the overall supporting action of the guideway, while the bottom of the
headstock was fully constrained to represent its connection with the machine body. The
same boundary-condition scheme was applied to the original and reconstructed models to
enable a consistent comparison of their gravity-induced deformation responses. Gravity
was applied in the vertical direction so that the self-weight of the ram, spindle and boring
spindle was included in the calculation. To compare the deformation behavior under differ-
ent overhanging conditions, the same material parameters, mesh settings and boundary
conditions were adopted for all cases, while only the extension lengths of the ram and
boring spindle were changed. The finite element model, boundary conditions and mesh
generation are shown in Figure 3.

Figure 3. Finite element model of the original structure: (a) model and boundary conditions; (b) mesh
generation.

2.2. Gravity-Induced Deformation and End Displacement Analysis of the Ram

The gravity-induced deformation was first analyzed when the ram and boring spindle
both reached their maximum extensions. Under this condition, the overhanging length of
the assembly is the largest, and the bending moment caused by the self-weight of the ram,
spindle and boring spindle is relatively high. Therefore, this condition can be regarded as
a representative unfavorable case for evaluating the accuracy retention capability of the
original structure. As shown in Figure 4, the structural deformation gradually increases
from the headstock support end to the boring spindle front end. The maximum total
deformation occurs at the boring spindle front end, with a value of 0.10268 mm, whereas
the deformation near the headstock and guideway support regions is relatively small.
The overall displacement distribution exhibits a typical cantilever bending characteristic,
indicating that the ram deflection after extension and the downward deformation of the
boring spindle are superimposed at the free end and are finally reflected as the positional
deviation at the boring spindle front end. Since the boring spindle front end is located at
the farthest overhanging end of the assembly and is close to the tool mounting position,
its vertical displacement can reflect the end positional deviation of the ram-boring spindle
assembly under gravity. Therefore, the simultaneous maximum extension condition of
the ram and boring spindle was selected as the key condition for subsequent topology
optimization and structural performance comparison.

The vertical displacement of the node at the boring spindle front end under different
extension conditions was further extracted from the original structure, as shown in Figure 5.
The two curves correspond to two conditions: the boring spindle gradually extends while
the ram remains at its maximum extension, and the ram gradually extends while the
boring spindle remains at its maximum extension. When the ram was kept at its maximum
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extension and the boring spindle was gradually extended from 0 mm to 1200 mm, the
vertical displacement at the boring spindle front end increased from 0.019947 mm to 0.10268
mm. With increasing boring spindle extension, the load acting distance at the free end
increased continuously, and the downward deformation of the boring spindle front end
became more pronounced. The displacement increment was more obvious in the large-
extension range, indicating that boring spindle extension significantly amplifies the gravity-
induced deformation at the front end of the assembly. When the boring spindle was kept at
its maximum extension and the ram was gradually extended from 0 mm to 1200 mm, the
vertical displacement at the boring spindle front end increased from 0.038042 mm to 0.10268
mm. In the small-extension range, the displacement increased relatively slowly. As the ram
extension continued to increase, the overall overhanging length and bending moment of
the structure increased, leading to a marked increase in the vertical displacement at the
boring spindle front end. These two groups of results indicate that the end deformation of
the ram-boring spindle assembly is closely related to the extension length. In particular,
under large overhanging conditions, the vertical displacement at the boring spindle front
end becomes more sensitive to the structural extension length. Therefore, the bending
stiffness of the ram body and its internal load transfer path are key factors affecting the
full-stroke accuracy retention capability of the assembly. The subsequent optimization
should focus on improving the material distribution and stiffener connection form of the
ram under large-extension conditions.

Figure 4. Gravity-induced deformation contour of the original model when the ram and boring
spindle are both fully extended.

The two displacement curves both reach 0.10268 mm when the ram and boring spindle
are simultaneously extended to their maximum positions, confirming this configuration
as a representative unfavorable condition for subsequent structural optimization. The
selection of the ram as the optimization object was determined by its structural function and
available design space. As the principal load-bearing and feeding component connecting
the headstock and the spindle system, the ram supports its own weight together with
the masses of the milling spindle, boring spindle and associated components. During
extension, the guideway-supported length and overhanging length of the ram change
continuously, directly affecting the global bending load-transfer path and the transmission
of gravity-induced deformation to the boring-spindle front end.

The boring spindle is a precision rotating functional component whose external ge-
ometry, mounting relationship and transmission interfaces are subject to strict functional
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constraints, leaving limited space for structural modification. In contrast, the ram is a
box-type thin-walled casting with adjustable internal cavities and stiffeners. Its internal
material distribution and stiffener connections can be modified while retaining the exter-
nal profile, guideway mating surfaces and spindle-mounting interfaces. Therefore, the
adjustable internal region of the ram was selected as the main design domain for topology
optimization, with the objectives of reducing the vertical displacement at the boring-spindle
front end and the gravity-induced deformation of the assembly under large-extension con-
ditions. Structural mass and low-order natural frequencies were also considered to avoid
increasing the structural mass or degrading the dynamic performance while improving
deformation control.

Figure 5. Variation in vertical displacement at the boring spindle front end under different exten-
sion conditions.

3. Topology Optimization and Structural Design of the Ram
3.1. Initial Structural Design Based on Topology Optimization

According to the deformation analysis of the original structure in Section 2, the flexural
deformation of the ram under large-extension conditions is mainly affected by the internal
material distribution and the stiffener load transfer path. To improve the bending stiffness
without changing the external dimensions, guideway matching relationship and spindle
mounting requirements of the ram, topology optimization was adopted to redistribute the
material in the adjustable internal region of the ram. In the topology optimization model,
the ram outer wall, guideway contact surfaces, spindle and boring spindle mounting
regions, end connection regions and other regions affecting assembly datums and motion
accuracy were defined as non-design domains, so as to ensure that the key functional
surfaces and connection relationships remained unchanged during optimization. The
original internal stiffeners and cavity regions where material redistribution was allowed
were defined as design domains, enabling the optimization calculation to retain or remove
material automatically according to load transfer requirements. The design and non-design
domains are shown in Figure 6. Through this treatment, the topology optimization can
reflect the main load transfer path of the ram under gravity while ensuring the feasibility
of subsequent engineering reconstruction and manufacturing.
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Figure 6. Design and non-design domains for topology optimization of the ram.

The variable density method was used for topology optimization. The relative density
of each finite element in the design domain was taken as the design variable, and the
removal or retention of material was represented by the continuous variation of material
density between 0 and 1. The relative density of the i-th element, ρi, is defined as:

0 < ρmin ≤ ρi ≤ 1 (1)

where ρi = 1 indicates that the element is retained as solid material, whereas ρi close
to 0 indicates that the material in the element is removed. To reduce the influence of
intermediate-density elements on the optimization result, the SIMP interpolation model
was adopted to describe the relationship between the elastic modulus and relative density
of each element:

Ei(ρi) = Emin + ρ
p
i (E0 − Emin) (2)

where Ei is the equivalent elastic modulus of the i-th element, E0 is the elastic modulus of
the solid material, Emin is a small elastic modulus introduced to avoid singularity of the
stiffness matrix, and p is the penalization factor. The penalization factor reduces the stiffness
contribution of intermediate-density elements and promotes a 0–1 material distribution,
thereby facilitating subsequent engineering stiffener reconstruction.

A retained mass fraction of 30% was specified in the topology optimization, corre-
sponding to a material volume fraction of 30% for the single-material design domain.
The numerical controls for the density-based topology optimization, including the SIMP
penalization, minimum-stiffness, filtering, convergence, and maximum-iteration settings,
were left at the Program Controlled settings in ANSYS Workbench 2024 R1.

In this study, structural compliance under the density-dependent gravity field was
selected as the optimization objective, so that material was preferentially retained in re-
gions that contributed significantly to the deformation control of the ram. The structural
compliance and equilibrium equation are expressed as:{

C(ρ) = FT(ρ)u(ρ)
K(ρ)u(ρ) = F(ρ)

(3)

where C(ρ) is the structural compliance, K(ρ) is the density-dependent global stiffness
matrix, and u(ρ) is the displacement vector, and F(ρ) is the density-dependent load vector.
The load vector can be expressed as:

F(ρ) = Ffix +
N

∑
i=1

ρif
0
g,i (4)
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where Ffix denotes the gravitational loads of the non-design domains and spindle-system
components, and f0

g,i is the gravitational load vector of the i-th design element at full
material density.

Therefore, the topology optimization model of the ram is formulated as:
minρ C(ρ) = FTu
s.t. K(ρ)u(ρ) = F(ρ)

V(ρ)
V0

≤ f
0 < ρmin ≤ ρi ≤ 1

(5)

The optimization model determines the material distribution that minimizes struc-
tural compliance under the updated self-weight while satisfying the prescribed material
volume constraint.

The topology optimization iteration process is shown in Figure 7. As shown in
Figure 7a, the objective function decreased rapidly at the early stage of iteration, dropping
from the initial normalized value of 100 to below 10 within the first four iterations. This
indicates that inefficient material in the design domain was quickly removed, and the
material distribution of the structure changed significantly. Subsequently, the objective
function entered a fluctuating decreasing stage, further decreased after the 25th iteration,
and gradually converged around the 35th iteration. As shown in Figure 7b, the mass
constraint decreased rapidly from the initial value to approximately 30% within the first
three iterations and then remained near the prescribed constraint during the subsequent
iterations, indicating that the optimization process satisfied the mass reduction requirement.
The optimized material density distribution is shown in Figure 8. It can be observed that
material is mainly retained in the front section of the ram, near the guideway support
region and along the main internal load transfer paths, providing a basis for subsequent
stiffener reconstruction.

Figure 7. Convergence curves of topology optimization: (a) objective function; (b) mass constraint.
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Figure 8. Material density distribution obtained by topology optimization.

3.2. Topology-Guided Engineering Reconstruction of the Ram Stiffeners

The material-density distribution obtained from topology optimization is shown
in Figure 8. Relatively continuous high-density regions are concentrated in the front
section of the ram and near the guideway-supported region, whereas relatively low-density
regions appear in part of the rear section. Together with the stroke-dependent deformation
characteristics identified in Section 2, this density distribution indicates that the front
overhanging section and the region near the guideway support are important load-transfer
regions under gravity. Based on the deformation analysis and topology result, three
longitudinal stiffeners and one circular stiffener were added in the front section, while
the rear stiffeners were locally thinned and one circular stiffener was removed. The final
positions, dimensions and geometric forms of the stiffeners were determined by jointly
considering the material-density distribution, engineering experience, casting feasibility,
assembly requirements and internal installation space, thereby converting the topology
result into a regular and manufacturable stiffener layout.

From the mechanism of topology optimization, the retained material regions are
mainly determined by the contribution of each element to the structural compliance. Based
on the SIMP interpolation model, the structural compliance can be expressed as the sum of
the compliance contributions of all design elements:

C =
N

∑
i=1

ρ
p
i uT

i k0ui (6)

where N is the total number of elements in the design domain, ρi is the relative density
of the i-th element, p is the penalization factor, ui is the displacement vector of the i-th
element, which varies with the density-dependent stiffness and gravitational load during
optimization, and k0 is the element stiffness matrix corresponding to the solid material.
Considering the equilibrium equation constraint, the sensitivity of structural compliance
with respect to element density can be expressed as:

∂C
∂ρi

= −uT ∂K
∂ρi

u + 2uT ∂F
∂ρi

(7)

Equation (7) shows that the compliance sensitivity is governed by both the density-
dependent stiffness variation and the corresponding change in gravitational load. Therefore,
whether material in an element is retained or removed depends on the combined effects of
its contribution to structural stiffness and its contribution to self-weight, rather than on the
strain-energy term alone. As shown in Figure 8, relatively high-density regions are concen-
trated in the front section of the ram and near the guideway-supported region, indicating
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that density variations in these regions have a relatively significant influence on the struc-
tural compliance under the prescribed gravity condition. By contrast, the lower-density
regions in the rear section make a smaller contribution to reducing the overall compliance
and can therefore be appropriately thinned or locally removed. Accordingly, the subsequent
stiffener reconstruction focuses on improving the continuity of the load-transfer path in the
front overhanging section while reducing material in the lower-contribution rear regions,
thereby balancing gravity-induced deformation control and structural mass reduction.

Based on the above topology optimization results and compliance sensitivity analysis,
the internal stiffener structure of the ram was reconstructed, as shown in Figure 9. Com-
pared with the original model, three longitudinal stiffeners were added to the upper and
lower positions at the front end of the ram to enhance the bending resistance of the front
overhanging section. Meanwhile, an additional circular stiffener was introduced to make
the stiffener connection in the front section more continuous, thereby improving the load
transfer path from the boring spindle front end to the headstock support region. To control
the increase in structural mass, the thickness of the remaining stiffeners was appropriately
reduced. For the rear section of the ram, where the material density and compliance sensi-
tivity were relatively low, the stiffener thickness was reduced, and one circular stiffener
was removed to decrease the proportion of inefficient material and achieve lightweight
optimization. Based on these reconstruction principles, the three-dimensional stiffener
structure of the reconstructed ram was established, as shown in Figure 10. It can be seen
that, while the external profile, guideway mating surfaces and spindle mounting regions
of the ram were retained, the internal stiffener form, local stiffener number and thick-
ness distribution were reconfigured, forming a regular, continuous and manufacturable
structural layout.

Figure 9. Schematic diagram of ram stiffener reconstruction based on topology optimization results.

Figure 10. Reconstructed stiffener structure of the ram based on topology optimization results.
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To verify the optimization effect, a finite element model of the optimized ram-boring
spindle assembly was established while keeping the external dimensions, material prop-
erties and assembly relationship unchanged. The reconstructed model was discretized
using the same meshing strategy as the original model and contained 806,115 nodes and
422,644 elements. To ensure the comparability of the results before and after optimization,
the optimized model adopted the same meshing method, bonded contact relationship at
the guideway, fixed constraint at the bottom of the headstock and gravity loading condi-
tion as the original model. Only the internal stiffener form, local stiffener number and
thickness distribution of the ram were changed. Through this treatment, the influences of
material parameters, constraint conditions and loading conditions on the calculation results
were excluded, so that the variations in deformation, mass and modal performance before
and after optimization mainly resulted from the adjustment of the internal stiffener struc-
ture. Static analysis and modal analysis were then carried out for the optimized structure
and compared with those of the original structure to verify the effectiveness of topology
optimization and engineering reconstruction in reducing ram deflection and improving
structural dynamic performance.

4. Performance Verification of the Optimized Structure
4.1. Static Deformation and Displacement Test Verification

To verify the effect of topology optimization and stiffener reconstruction on ram de-
flection control, static comparative analyses of the original and optimized structures were
carried out under the same gravity loading and boundary conditions. The deformation con-
tour of the optimized structure when the ram and boring spindle were both fully extended
is shown in Figure 11. Compared with the original structure, the optimized structure
exhibited a similar overall deformation distribution. The maximum deformation occurred
at the free end of the boring spindle, and the displacement gradually decreased from the
boring spindle front end to the headstock support region, showing a typical cantilever
bending characteristic. The maximum total deformation decreased from 0.10268 mm in
the original structure to 0.097325 mm after optimization, corresponding to a reduction of
approximately 5.22%. Meanwhile, the structural mass decreased from 2424 kg to 2363 kg,
corresponding to a mass reduction of approximately 2.52%.

Figure 11. Gravity-induced deformation contour of the optimized structure when the ram and boring
spindle are both fully extended.

The simultaneous reductions in structural mass and gravity-induced deformation
indicate that the reconstructed stiffener layout provides more effective material distribution
and deformation control under large-extension conditions. These improvements can be
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attributed to the conversion of the original square stiffener structure into a circular stiffener
structure, the addition of longitudinal and circular stiffeners in the front section of the ram,
and the appropriate reduction in the thickness of the rear and non-critical stiffeners. After
optimization, the newly added longitudinal stiffeners and circular stiffener structure in the
front section of the ram jointly improved the sectional support capacity of the overhanging
part, allowing the front-end load to be transferred more continuously to the headstock
support region. Meanwhile, the reduction in stiffener thickness in the rear and non-critical
regions decreased the proportion of inefficient material and concentrated the material
distribution in regions that contributed more to bending stiffness. Therefore, the stiffener
reconstruction based on topology optimization results can more reasonably allocate the
internal material of the ram, improve the structural load transfer path, and enhance the
end deformation control capability under large-extension conditions.

The optimized ram was manufactured based on the reconstructed stiffener structure,
as shown in Figure 12a. It can be seen that, while the overall external dimensions, mounting
interfaces and key mating regions remained unchanged, the internal stiffener form, local
stiffener number and thickness distribution of the optimized ram were redesigned, indicat-
ing that the engineering reconstruction scheme based on topology optimization results is
manufacturable. To verify the end deformation control effect of the optimized structure
under the actual assembly condition, a displacement test setup was established on the ma-
chine tool, as shown in Figure 12b. During the test, the fixed region of the machine tool was
used as the measurement reference, and the displacement measuring device was arranged
at the boring spindle front end. The vertical displacement at the boring spindle front end
was recorded under different extension conditions. Since the boring spindle front end is
close to the tool mounting position, its displacement variation can reflect the end positional
deviation of the ram-boring spindle assembly under gravity and further affect the position
accuracy of the tool center point. Therefore, it can be used as an important indicator for
evaluating the accuracy retention capability of the ram. To ensure the comparability of the
test results, the same measuring position, extension conditions and measurement method
were adopted for the original and optimized structures. The vertical displacement was
measured using a dial indicator with a resolution of 0.001 mm, and the corresponding
reading uncertainty was taken as ±0.001 mm.

The simulated and experimental vertical displacements at the boring spindle front end
under different extension conditions are listed in Table 1. As shown in Table 1, when the
ram was kept at its maximum extension and the boring spindle was gradually extended
from 0 mm to 1200 mm, the vertical displacement at the boring spindle front end increased
gradually for both the original and optimized structures. For the original structure, the
simulated displacement increased from 0.019947 mm to 0.10268 mm, while the experimen-
tal displacement increased from 0.021 mm to 0.114 mm. For the optimized structure, the
simulated displacement increased from 0.018405 mm to 0.097325 mm, while the experi-
mental displacement increased from 0.019 mm to 0.108 mm. Compared with the original
structure, both the simulated and experimental displacements of the optimized structure
were reduced under this group of conditions, indicating that the stiffener reconstruction
improved the support capability of the ram for the boring spindle front end.

In the second extension mode, where the boring spindle was kept at its maximum
extension and the ram was gradually extended, the vertical displacement at the boring
spindle front end also increased with increasing ram extension. For the original structure,
the simulated displacement increased from 0.038042 mm to 0.10268 mm, while the experi-
mental displacement increased from 0.040 mm to 0.114 mm. For the optimized structure,
the simulated displacement increased from 0.037664 mm to 0.097325 mm, while the experi-
mental displacement increased from 0.039 mm to 0.108 mm. Compared with the original
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structure, the optimized structure also showed smaller end vertical displacement under
this condition, and the reduction became more evident in the large-extension range. When
both the ram and boring spindle reached their maximum extensions, the simulated vertical
displacement at the boring spindle front end decreased from 0.10268 mm to 0.097325 mm,
corresponding to a reduction of approximately 5.22%. The measured displacement de-
creased from 0.114 mm to 0.108 mm, corresponding to a reduction of approximately 5.26%.
The experimental values were slightly higher than the simulated values, mainly because
the finite element model involved necessary simplifications, including the omission of
non-critical geometric details and the idealization of the guideway support, boundary
conditions and assembly relationships. Nevertheless, the simulated and measured results
exhibited consistent variation trends, and the calculated and experimentally measured
displacement-reduction ratios were close, indicating that the finite element model can
reasonably capture the relative change in the structural deformation response and verify
the effectiveness of the stiffener reconstruction under large-extension conditions.

Figure 12. Optimized ram and displacement test setup: (a) manufactured optimized ram; (b) dis-
placement test setup.

Table 1. Simulated and experimental vertical displacement at the boring spindle front end under
different extension conditions before and after optimization (mm).

Mode Structure Data
Extension Length of Moving Component (mm)

0 200 400 600 800 1000 1200

I Original FEM 0.019947 0.024827 0.031026 0.039699 0.052683 0.072434 0.10268
I Original Test 0.021 0.027 0.036 0.045 0.056 0.080 0.114
I Optimized FEM 0.018405 0.022868 0.028580 0.036685 0.049007 0.067991 0.097325
I Optimized Test 0.019 0.024 0.033 0.040 0.052 0.073 0.108
II Original FEM 0.038042 0.040037 0.043873 0.051512 0.064822 0.082502 0.10268
II Original Test 0.040 0.045 0.050 0.058 0.073 0.091 0.114
II Optimized FEM 0.037664 0.039736 0.043662 0.051044 0.063216 0.078634 0.097325
II Optimized Test 0.039 0.042 0.049 0.056 0.069 0.085 0.108

Note: Mode I: the ram is kept at its maximum extension, and the boring spindle is gradually extended. Mode II:
the boring spindle is kept at its maximum extension, and the ram is gradually extended. FEM represents finite
element simulation, and Test represents displacement measurement.

4.2. Modal Performance Verification

Modal analysis was performed on the original and reconstructed structures to evaluate
the influence of stiffener reconstruction on the low-order dynamic characteristics of the
ram-boring spindle assembly. The first six natural frequencies and mode shape descriptions
before and after optimization are listed in Table 2, and the corresponding mode shapes are
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shown in Figure 13. As shown in Table 2, the first six natural frequencies of the optimized
structure all increased. Specifically, the first natural frequency increased from 177.01 Hz
to 184.10 Hz, and the second natural frequency increased from 182.85 Hz to 192.46 Hz,
corresponding to increases of approximately 4.01% and 5.26%, respectively.

Table 2. First six natural frequencies and mode-shape descriptions of the original and optimized
ram-boring spindle assemblies.

Mode Original/Hz Optimized/Hz Increase/% Mode Shape Description

1 177.01 184.10 4.01 Boring spindle swings along the X-axis
2 182.85 192.46 5.26 Boring spindle swings along the Z-axis
3 218.99 223.64 2.12 Boring spindle and ram swing together along the X-axis
4 232.90 236.35 1.48 Boring spindle and ram swing together along the Z-axis

5 401.97 420.44 4.60 Slight swing of the boring spindle front end along the X-axis,
accompanied by swing of the ram rear end along the X-axis

6 407.41 431.49 5.91 Slight swing of the boring spindle front end along the Z-axis,
accompanied by swing of the ram rear end along the Z-axis

Figure 13. First six mode shapes of the ram-boring spindle assembly before and after optimization.

5. Conclusions
In this study, a ram-boring spindle assembly of a floor-type milling and boring ma-

chine was investigated to address the flexural deformation of the ram and the positional
deviation at the boring spindle front end under large-extension conditions. A finite element
model was established to analyze the gravity-induced deformation and the variation in
vertical displacement at the boring spindle front end under different extension conditions.
Based on the topology optimization results, the internal stiffener structure of the ram was
reconstructed. The main conclusions are as follows:
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(1) Under the simultaneous maximum-extension condition, the ram-boring spindle
assembly exhibits an obvious cantilever-bending characteristic, and the maximum total
deformation occurs at the boring-spindle front end. The vertical displacement at the
boring-spindle front end increases with the extension length of either the ram or the
boring spindle. When the ram was kept at its maximum extension and the boring spindle
was gradually extended, the vertical displacement at the boring spindle front end of the
original structure increased from 0.019947 mm to 0.10268 mm. When the boring spindle
was kept at its maximum extension and the ram was gradually extended, the vertical
displacement increased from 0.038042 mm to 0.10268 mm. These results demonstrate that
the front-end deformation is strongly dependent on the extension length, particularly under
large-extension conditions.

(2) The deformation characteristics under different extension conditions and the
topology–density distribution were jointly used to guide the engineering reconstruction
of the internal stiffeners. Relatively high-density regions were observed in the front over-
hanging section and near the guideway-supported region, whereas relatively low-density
regions appeared in part of the rear section. Based on these results, together with casting,
assembly, internal space requirements, and engineering experience, three longitudinal
stiffeners and one circular stiffener were added in the front section, while selected rear stiff-
eners were thinned and one circular stiffener was removed. The resulting layout retained
the functional interfaces of the original ram and satisfied the requirements of casting and
internal assembly.

(3) The static analysis results show that, under the simultaneous maximum extension
of the ram and boring spindle, the maximum total deformation decreased from 0.10268 mm
to 0.097325 mm after optimization, corresponding to a reduction of approximately 5.22%.
The structural mass decreased from 2424 kg to 2363 kg, corresponding to a mass reduction
of approximately 2.52%. The displacement test results show that the measured vertical
displacement at the boring spindle front end under the maximum extension condition
decreased from 0.114 mm to 0.108 mm, corresponding to a reduction of approximately
5.26%. The experimental results are consistent with the finite element results in terms of
variation trend and optimization effect, verifying the effectiveness of topology optimization
and stiffener reconstruction in reducing end deformation under large-extension conditions.

(4) The modal analysis results show that the first six natural frequencies of the ram-
boring spindle assembly all increased after optimization. The first natural frequency
increased from 177.01 Hz to 184.10 Hz, and the second natural frequency increased from
182.85 Hz to 192.46 Hz. The improvement range of the first six natural frequencies was
1.48–5.91%. The main mode shape types did not change significantly before and after
optimization, indicating that the stiffener reconstruction did not introduce new low-order
weak modes while reducing end deformation and structural mass, and improved the
low-order dynamic performance of the structure.
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