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Abstract 

Industrial demand for manufacturing large sized work pieces with intricate designs has been on the rise. In 

order to improve the machining processes, CNC machines are adopted due to their high speed and precise 

manufacturing capabilities. In these machines, optimization of certain parameters plays a significant in their 

dynamic and static characteristics. Numerous existing algorithms are used for designing an efficient CNC, with 

each one dedicated to optimize a specific parameter of the machine tool. This work proposes a novel design 

algorithm for designing a CNC machine tool gantry with columns which is mounted on a well-designed feed 

drive system. The objective of the current research, is to design a gantry type machine tool with high rigidity 

and optimal weight in order to reduce vibrations of the machine and improve the surface finish of the finished 

product. An algorithm is devised in the present study to achieve the optimal gantry design. Algorithm devised 

in the present study reduces the mass and stress level with application of stiffeners, strategic removal of weight, 

minimizing computational complexities, and maintaining considerable rigidity. The design is analysed by FE 

method for calculating rigidity, stresses and deformation according to the applied boundary conditions. The 

shape optimization provides the optimum shape of the gantry required for its specific design purpose. In the 

present research that design purpose is to fabricate a gantry integrated with columns for an 8 feet by 4 feet 

CNC Router. The topology optimization technique is applied on the optimal shaped gantry to achieve further 

weight reduction. Strategic reduction of weight enhances the stiffness and the natural frequency. The modal 

analysis results of new gantry assembly are compared with the natural frequencies of existing models to 

communicate the effectiveness of the proposed optimization methodology. The proposed design of the gantry 

is also tested with the help of laser vibrometer to estimate the natural frequency at which the machine can 

function without attaining the resonance condition. 
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1. Introduction 

The rapid increase in the development of numerous 

industries in transportation, machineries and other 

areas lead to the growth of demand in higher speed 

and precise level of manufacturing of larger and 

heavier parts [1]. CNC (Computer Numeric 

Control) machining is the extensively utilized 

manufacturing component and the emerging 

development of applications with larger and 

complex designing of components compressed 

with materials found to be difficult in processing 

[2]. The CNC tool along with the gantry and feed 

drives with the greater distance within slides have 

been considered to the significant tool for 

machining larger parts. Hence, the necessities of 

the CNC performance level included with the size 

of the operating area, stiffness and torque becomes 

rigorous. For processing of similar components, 

five axis type of CNC gantry tool has been utilized 

because of its flexible space, extensive cutting 

ability and the stiffness along with accuracy. The 

entire quality of the work piece lies on the accuracy 

level of the machine tool. When the operating time 

and life of the tool has increased, the wear and tear 

of components have also increased. The anomalous 

positioning of the irregular deflections has occurred 

in the rotary axis which has endangered the quality. 

The adjustments on mechanical equipment have 

been found to be the general solution. Though, the 

considered system [3] has to dismantle on B-axis 

structure and the cost of maintenance has also been 

found to be expensive, the hydraulic-analysis has 

been referred as the efficient method. 

 

The impact of limitations in dimensions and 

material have paved designing the structure of work 

piece processing through AB- rotary five axis 

gantry tool with the larger torque. But, the B-axis 

structure of machining tool has been analyzed to be 

bulky and complex which have provided hydraulic 

machines for balancing the gravity [4]. After 

continuous and longer production of the tool, the 

hydraulic force of B-axis has been lost and spindle 

has brought down of control which have seriously 

affected the quality of the work piece. The 

suggested research [5] has been analyzed on the 

point of hydraulic system leaving out the 

adjustment made on the mechanical structure. It 

also has provided the mathematical formulation 

model for the system. Simulations have been 

performed with the MATLAB for the optimization 

of the hydraulic –control system. Based on 

enhancing the conditional stability of system, 

duration of hydraulic force has been extended and 

time of deflection has been delayed to 2 seconds 

which have effectively reduced the computation 

risk of the work piece [6]. 

The CNC machines included with the mobile-

element (mechanical-coupling in between the feed-

chains) has important effects on the static and 

dynamic nature of the machine. The accuracy in 

machines have been affected by the deformation 

occurrence in mobile-element [7]. The static level 

properties has been studied and summarized that, 

deformation has greater value in efficiency and 

accuracy of the machine. Along with that, the 

weight of the machine has also been recognized as 

important which have greater effects on the 

dimension of machines. With the deployment of 

FEA exploration on 3D analysis with CAD system, 

the suggested approach has focused on the mesh 

and topological optimization of the mobile element. 

It also has shown that the optimizations have 

reduced the inertial forces for 10 % -30 % and has 

maintained the rigidity considerably [8]. The 

deformational errors have been caused mainly due 

to gravity and has required to be focused in the 

design of precision. Following that, the 

recommended system [9] has utilized the precision 

design-model for the vertical machining system 

based on gravity. Through abstraction of the 

machining tool into the multi-body topological 

structure, the statical error of the tool has been 

established based on multi body theory along with 

the homogenous transformation. Every motion axis 

has been controlled with two significant parts. The 

geometrical error during manufacturing along with 

the gravity-based deformation-error and the other 

one has been the stiffness structure of the tool 

which have provided relationship in between the 

deformation and gravity with the utilization of the 

beam-elements. During the process of modelling, 

the coefficients on stiffness and volume has been 

recognized as the influencing parameters of the 

precision in machine-tool [10]. On considering 

both coefficients as the aviation variables 

depending on the analysis of sensitivity error and 

global-optimization technique, the allocation and 

requirements on design has been determined and 

has provided the structural designing and 

processing in manufacture of machinery 

components [11]. Outcomes have exposed that, the 

geometric error in manufacturing has been 

controlled and has met the precision requirements 

effectively. It has been clear that, numerous 

researches have undertaken various studies for 

optimization in gantry. This study affords a 

research taken for expounding the stiffness 

characteristics of the machine and enhancing the 

frequency with the feed drive assembly. 
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The main contributions of the present study are, 

• To perform stiffening of the feed drive system 

for enhancing the natural frequency of the 

machine tool through modal analysis. 

• To accomplish the optimization of the gantry 

with the utilization of mode shifting based on 

modal analysis. 

• To reduce the mass added by stiffeners for 

cantilever type plate using topological and 

shape optimization through analysis using the 

Newark method. 

• To assess the performance of the system after 

stiffening with the implementation of the ansys 

software and measures the level of natural 

frequency. 

 

1.1. Paper Organization 

The organization of the paper is given with Section 

2 discussing the various existing literature works 

focused on optimizations in the gantry of machine 

during manufacturing. Following this, Section 3 

precisely discusses the major areas of present 

research, Section 4 discusses the modelling and 

simulation phases of the proposed system. Lastly, 

the overall review is concluded in Section 5. 

 

2. Literature Review 

The following section discusses on various 

traditional literatures related to optimization of 

static and dynamic characteristics of the modes of 

gantry in machine tools. Many studies have focused 

particularly on the analysis of both the 

characteristics in a single machine positions and 

working conditions in an individual section and has 

failed in concentrating entire structure [12]. The 

suggested strategy [13] has been designed on the 

multi-objective based optimization approach 

depending on NDGA (Non-Dominated sorting 

Genetic Algorithm) and BP (Back Propagation) 

Neural Network which has ensured the accuracy of 

the turntable which has reduced the entire mass and 

has improved the characteristics considerably. Both 

the static analysis and modal-analysis has 

determined the maximum level of deformation and 

parts prone to vulnerable. In addition to that, the 

analysis based on topological optimization has 

been used in the identification of redundant-mass 

segments. It has also performed explorations on the 

optimization-objectives along with parameters 

related to dimension based on optimization 

oriented outcomes. With the utilization of 

composite design, the suggested approach has 

acquired test-points using neural network [14]. 

Optimal outcomes have been retrieved from the 

optimization and has reduced the mass with the 

deployment of the light-weighted design. 

The process of topological optimization is a 

significant strategy in designing the light-weight 

components of machine-tool. Though the results 

achieved have not been found to be suitable on 

processing with the greater speed and light-loaded 

and lower cost tools. The recommended approach 

[15] has solved the aviation complication of gantry 

specifically in slicing machines. It has used the 

aluminum model as the structural components. 

Initially, the gantry has been verified with the finite 

constituent strategy. The output have shown that 

after the structural light weighted design, the mass 

has been lowered. Moreover, the metrics like stress 

and maximum level of deformation have been 

estimated and the modal factors have satisfied the 

demands in design. The traditional machining tool 

with iron and steel models have experienced 

vibrations resulted with the poor level of surface 

components [16]. The characteristics of the 

machine has been enhanced with the steel type 

reinforcement by epoxy-granite. In order to 

optimize the designing space for a particular set 

loads, constraints and conditions for the 

maximization of the system-level performance. 

The optimization of the steel strengthening 

configuration of vertical location of machine-

centre. It has carried out the maximization of the 

stiffness and along with that the natural-frequencies 

while on the way of minimizing the mass of the 

model [17]. Multiple level of aviation configuration 

has been carried out for reinforcement of steel 

based on optimizations in topology and 

investigations has been carried out with the FEA. 

The characteristics of EG-columns have been 

compared with existing SREG and CI columns. 

Outcomes have exposed significant improvement 

in reduction of mass and enhanced natural 

frequencies. The suggested model [18]  have 

designed internal-stiffeners structure of the 

auxiliary parts in machine. The strategy has 

skillfully adopted the scientific growth of veins. 

Initially, the inter-relationship between the both has 

been explored through the analysis on mechanical-

properties of various growth phases with the finite 

segment simulation. The parameter based 

optimization on stiffener structure based on 

variable structure have been used. Different from 

conventional design on stiffeners, the considered 

approach has not only adopted the method of 

variable cross-sectional framework but also has 

simulated the adaptive development law of veins in 

leaf with the parametric strategy [19]. Moreover, 

three different modelling techniques have been 

compared which have revealed the efficiency of the 

GABPNN (Genetic Algorithm and BP Neural 

Network). Along with that, the marine-predator 

technique has optimized the meta-model. 
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Due to the significant load balancing structure of 

heavier machinery tools and other larger scale 

structures bear moving-loads and outcomes of 

direct topological optimization have complications 

like difficult identification of the load transfer 

skeleton and difficulties with the working 

conditions have been comprehensively considered. 

To this purpose, the considered approach [20] has 

prepared a layout on the stiffened plates for larger 

scale-box model under moving loads depending on 

multiple working condition on topological 

optimization. From the principles on force, the box-

models have been simplified into the bending 

functional segment, auxiliary functional part and 

the additional torsional functions which have 

reduced the complexities and structural-dimensions 

in the topological optimization [21]. Further, 

moving part of loads have been streamlined to 

various positions and evaluations have been 

accomplished with the programming. The 

mathematical formulations have been performed 

for the optimization of the functional portions. 

Based on considerations with the exposure on 

crossbeam- heavy-turning along with milling-

machine center, the optimization outcome have 

revealed the enhancements in strength and stiffness 

of the crossbeam with the reduction in weight [22]. 

Since the cross beam has been considered as the 

significant moving-element, it has determined the 

dynamical characteristics of machine in either X 

axis or Y axis which have affected the quality and 

efficiency of the machine directly. The acceleration 

attribute has been found to be the important 

characteristics which is inversely proportional to 

mass of moving-parts in order to reduce the mass. 

It also has ensured stiffness as the vital part in the 

optimization of the machine. The outcome have 

revealed that improvements have been identified in 

the deformation and lower order of amplitude in 

crossbeam with the minimization of mass. It has 

provided the theoretical base value for the 

optimization related structure. From the analysis on 

the suggested approach [23], it has been found that 

the cost of manufacturing been reduced 

considerably along with the retrieval of satisfied 

efficiency in the machinery tool. 

 

2.1. Research Gap 

The review made on existing studies have taken 

many optimization of gantry methods in 

manufacturing machineries for achieving accuracy 

along with   reduction of mass and stress. The 

common limitations with respect to validation of 

appropriate topological optimization patterns have 

been analyzed from the existing literature and are 

listed as follows, 

• Model of the gantry should have been modelled 

as an elastic support as fixed support 

simulations of the gantry does not match the 

practical results. Even machines with base fixed 

to the ground are precisely modeled by 

including stiffness of the soil or the reinforced 

concrete [24]. 

• There are few methods in the literature to find 

the expressions for elastic support. Expressions 

are derived from effect of stiffness and damping 

linear guide assembly also called as feed drive 

characteristics [25] 

 

The primary objective of this study is to create an 

algorithm that effectively optimizes all relevant 

parameters involved in the design and fabrication 

of a gantry for a machine tool structure. The 

algorithm addresses the specific challenges related 

to gantry design, including any discrepancies 

observed between expected and actual outcomes, as 

outlined in the research methodology. Furthermore, 

the algorithm's applicability extends beyond gantry 

optimization, as it can be adapted to optimize 

various other structural optimization problems. 

 

Algorithm Methodology 

• This research proposes the development of an 

algorithmic methodology for designing a gantry 

system with optimized geometry and mass. The 

algorithm employed is heuristic in nature and 

demonstrates the potential to consistently yield 

reliable outcomes. The gantry system is integrated 

with a feed drive system, comprising linear motion 

mechanisms and their corresponding mounting 

structure. In order to assess the structural behavior 

at various stages of optimization, finite element 

analysis (FEA) is utilized to determine the natural 

frequencies of the structure. A modal analysis is 

conducted on the machine and gantry structure, 

comparing the system with a reinforced feed drive 

mechanism to the system with the existing feed 

drive. The objective is to estimate the resulting 

increase in frequency. By implementing techniques 

such as Topology and Shape Optimization, the 

gantry is designed to possess an optimal shape, 

size, and stiffness. In the FEM and meshing section, 

the 3D model of the gantry structure was created 

using SolidWorks and exported to ANSYS in a 

binary Parasolid file format. The program-

controlled mesher with adaptive sizing and varying 

refinement, mainly using tetrahedron elements, 

was employed. Different refinement levels were 

tested, but the results showed a maximum deviation 

of 2 Hz, indicating consistent outcomes. This 

approach ensured accurate representation of 

structural behavior while minimizing 

computational costs. 
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3.1) Gantry mode shifting and stiffening feed 

drive system 

The initial gantry model used for optimization was 

derived from a previous study conducted by the 

author. In that study, it was assumed that both 

columns of the gantry were fixed in place, but the 

mounting cantilever had a high elasticity. The 

simulated natural frequency of the gantry in that 

study was found to be 226Hz. However, when the 

gantry structure was experimentally tested using a 

DIC correlation camera, the measured first natural 

frequency was determined to be 127Hz. This 

discrepancy between simulation and experimental 

results was attributed to suboptimal design of the 

mounting structure and feed drive components. The 

fabricated gantry is shown in Fig.1. 

 

 
Fig.1 (i) 3D Design of the gantry 

 

 
 

 
Fig.1 (ii) Drawings highlighting dimensions and internal ribs 

 

To enhance the rigidity of the gantry in the previous 

machine, an extra row of square pipe columns was 

incorporated into the structure. These additional 

columns, totaling five in number, were designed 

with a heavy wall thickness. Unlike the previous 

setup where the mounting cantilever functioned as 

a full cantilever without any perpendicular ground 

force, this modification aimed to increase the 

overall stiffness of the gantry. The inclusion of the 

extra columns with a heavier wall thickness led to 

a substantial improvement in the rigidity of the 

gantry structure. 

To facilitate the Finite Element Analysis (FEA), the 

gantry structure, along with the five additional 

supports illustrated in Figure 2 (ii), was treated as 

an elastic support. The cantilever's elastic support 

was extended following transformed supports and 

modeled as a bonded contact in the Ansys™ 

software. The described process of mass addition 

was applied to modify the geometry, allowing for 

the assumption of a fixed support boundary 

condition at the gantry columns. These adjustments 

validate the assumption of a fixed support at the 

gantry base. 

It is important to note that the mass addition in the 

feed drive mechanism does not alter the mode 

shape of the gantry. Instead, it primarily affects the 

natural frequencies of all the modes, causing them 

to be extended or increased. The purpose of the 

mass addition is to enhance the overall rigidity and 

stability of the gantry structure, rather than 

influencing the specific mode shapes exhibited by 

the system.



An Enhanced Heuristic Technique For Optimization Of Gantry Of A CNC Machine  Section A-Research Paper 

 

Eur. Chem. Bull. 2022 11(Regular Issue 11), 1199- 1211        1204 

 

   
Figure 2.  Modal Analysis of Gantry without Feed Drive System 

 

The cantilever and complete feed drive system was 

not stiffened in this step as the mode shape does not 

change with the stiffening of feed drive. Chamfer 

type ribs were added to shift the mode. This rib 

shown in figure 3 increased the axial stiffness and 

shifted the first mode. 

 

    
 

 
Figure 3. Boundary Conditions 

 

     
Figure 4. Gantry with Ribs 

 

The inclusion of ribs in the design provides an 

increased level of strength, enabling the structure to 

endure heavy loads without experiencing 

substantial deflection and increased rigidity. This 

surpasses the performance of a design that lacks 

ribs, as the additional structural elements enhance 

its ability to withstand applied forces and resist 

deformation. 
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3.2 Shape Optimization 

 
Figure 5. Shape Optimization of gantry 

 

The shape optimization is done to minimize the 

shape of the system within the given constraints in 

order to reduce cost. The strength of the system and 

its rigidity should not get affected and the gantry 

should be functionally stable at dynamic conditions 

for the optimal shape. The topology optimization 

defines the boundary and space within which the 

gantry should be designed. 

 

3.3) Topology Optimization 

The ribs are introduced for obtaining higher values 

of natural frequencies during dynamic conditions. 

In order to improve the efficiency of the gantry, it 

is also necessary to consider the material usage for 

fabricating the structure. Since the ribs are acting as 

a rigid support for the gantry at its base, now the 

mass of the gantry can be reduced, thereby resulting 

in less usage of materials. To determine the suitable 

mass of material to be used for fabricating the 

gantry, we apply the Topological optimization 

technique. 

 

 
Figure 6. Density Vs Volume Fraction 

 

The optimum mass of the gantry is obtained by 

reducing the volume of structure without affecting 

the size ratio. Hence, even if the mass is reduced, 

the gantry can still carry equal amount of load and 

work efficiently as earlier, because of the presence 

of ribs. 

 

      
Figure 7. Gantry with Rib and Honeycomb Structure 

 

The gantry, when introduced with a honeycomb 

structure on its vertical face or the top face, tends 

to have improved dynamic stability. But, the 

honeycomb structure enhances the natural 

frequency of the gantry structure only marginally, 

and thus the optimization of result of that structure 

is not discussed in this research. 

 

3.4) Heuristic stiffness sensitivity 

coefficient (𝝁𝒉𝒔) 

The proposed metric for assessing the effectiveness 

of a heuristic rigidity optimization step is defined 

as the ‘heuristic stiffness sensitivity 

coefficient (𝜇ℎ𝑠)′.     𝜇ℎ𝑠 = (
∆𝑓

∆𝑚⁄ ) , 𝑤ℎ𝑒𝑟𝑒 ∆𝑓 > 0 

, where f denotes the first natural frequency of the 

system and m denotes the mass of the system. The 

heuristic stiffener efficiency (𝜇ℎ𝑠) is evaluated for 

each of first 6 frequencies. The primary goal of the 

optimization step is to eliminate the first mode 

shape and enhance the first natural frequency of the 

system. However, since this optimization step 

affects all the natural frequencies of the system, it 

is important to identify any potential undesired 

complications, such as mode coupling. (𝜇ℎ𝑠) Is 

calculated for each optimization step and is verified 

if (𝜇ℎ𝑠)  it is consistent with the each unintended 

frequency change due to shifting of first mode 

shape. 
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3. Results and Discussions 

4.1 Optimization Analysis and Outcomes 

 
Figure 8. Mode Shape of Complete Assembly 

 

The base model utilized for further optimization is 

mentioned in section 3.1. The design is taken from 

a previous machine, which was built with same 

purpose. In that machine experimental frequency 

was found to be 127 Hz in contrast with designed 

natural frequency of 260 Hz. The result was found 

to be non-optimal and flexible feed drive with fixed 

support assumption was the primary reason for 

simulation result and experimental result 

mismatch. The image of the machine and the gantry 

is shown in Figure 9.  In light of previous attempt 

following optimization algorithm was employed to 

increase the first natural frequency of the system. 

 

4.1.1) Cantilever Supports/Feed drive stiffening 

(Step 1): The frequency of the assembly increased 

from an initial value of 155 to a final value of 189.5. 

This indicates an improvement in rigidity, as the 

assembly became less prone to vibrations. 

In order to attain optimal dynamic performance, the 

base of the gantry columns was subjected to a fixed 

support boundary condition. To simulate the effects 

of fixed boundary conditions, the rigidity of the 

cantilever was increased by adding additional 

support at its base. This was achieved by affixing 

extra linear blocks to the column's base. 

 

The mass of the assembly also increased by 104 

units. The negative value of (𝜇ℎ𝑠) = -0.331730769 

suggests an increase in rigidity and a large negative 

value of  𝜇ℎ𝑠 corresponds to an efficient mode 

shifting step. 

 

 
Figure 9. Impact of Feed Drive System 

stiffening on the Natural Frequency 

 

4.1.2) Fillet Stiffener (Step 2):  

By introducing a large fillet stiffener, the frequency 

of the assembly increased from 205.14 to 246.47. 

This significant change indicates a notable 

improvement in rigidity. The mass of the assembly 

increased by 22 units. The negative value of (𝜇ℎ𝑠) 

=-1.878636364 suggests a considerable increase in 

rigidity and an efficient mode shifting optimization 

step. 

 

4.1.3) Honeycomb Structure (Step 3):  

The optimization of the honeycomb structure 

resulted in a slight decrease in the frequency of the 

assembly from 246.47 to 238 and the mass of the 

assembly increased by 28 units. However, this 

change is relatively small compared to the other 

steps. The mass of the assembly increased by 28 

units. The positive value of (𝜇ℎ𝑠) = 0.3025 suggests 

a slight increase in flexibility and questions the 

viability of this optimization step. 

 

The placement of a honeycomb stiffener on the top 

face/vertical face of the gantry has adversely 

affected its stability. In the modal analysis, it was 

observed that the natural frequency decreased by 8 

Hz compared to the gantry without the honeycomb 

stiffener. This decrease in natural frequency is 

attributed to the additional load exerted on the 

middle area of the gantry's top face. This load leads 

to bending of the gantry, causing instability during 

dynamic conditions. Value of (𝜇ℎ𝑠) coefficient 

suggests that honeycomb stiffener step is not very 

useful when it is used for mode shifting (mass 

addition). 

 

It is important to note that this study did not involve 

optimizing the honeycomb structure, as the 

observed increase in natural frequency was 

marginal and had minimal impact on gantry 
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stability. Although a honeycomb structure could 

potentially serve as an ideal stiffener in many 

situations, designing an optimal honeycomb 

structure for this specific scenario would incur high 

computational and manufacturing costs, rendering 

it inefficient. 

In summary, the honeycomb stiffener placement 

had a negative impact on gantry stability due to 

reduced natural frequency. However, optimizing 

the structure with a honeycomb design was deemed 

inefficient for this particular case, considering the 

marginal increase in natural frequency and 

associated costs. 

 

4.1.4) Shape Optimization: 

Each optimization step yields different pattern of 

natural frequency increase, natural frequency of 

first six modes, before and after the first 3 

optimization steps is shown in graphs above. 

 
Figure 10.  Natural frequency of Gantry before 

and after realizing optimum boundary 

conditions 

 
Figure 11. Natural frequency of Gantry before 

and after adding Stiffener 

 

 
Figure 12. Modal Analysis of gantry with 

Honeycomb structure on top face 

 

 
Figure 13. Impact of honeycomb stiffener on 

the natural frequency 

 

The stability of the gantry has been affected by 

positioning the honeycomb stiffener on the top face 

of gantry. The natural frequency on the first modal 

analysis has reduced by 8 Hz, compared to modal 

analysis of gantry without honeycomb stiffener. 

The natural frequency is affected by the additional 

load exerted on the middle area of the gantry top 

face. This load tends to bend the gantry and 

thereby, causes instability of the system during 

dynamic conditions. This study does not include 

the optimization of this structure because, only a 

marginal increase in the natural frequency is 

observed, causing very less impact on the stability 

of the gantry. An optimal design of honeycomb 

structure which often is perfect stiffener for most of 

the situation can be made which increases the 

natural frequencies, but associated computational 

and manufacturing costs make it inefficient in this 

specific scenario. 

 
Figure 14. Shape Optimization of gantry after 

adding stiffener 



An Enhanced Heuristic Technique For Optimization Of Gantry Of A CNC Machine  Section A-Research Paper 

 

Eur. Chem. Bull. 2022 11(Regular Issue 11), 1199- 1211        1208 

The addition of stiffener provided sufficient 

strength and stability to the gantry, thereby 

enabling to conduct topology and shape 

optimization. The optimal range of boundary and 

volume has gained reduction in loss of material and 

cost. 

 

 
Figure 15. Impact of Shape Optimization on natural frequencies 

 

4.1.5) Topology Optimization: 

Topology optimization does not increase the 

frequency in large quantity usually, but it removes 

a lot of mass. In this case if ∆𝑓 > 0, low (𝜇ℎ𝑠) will 

suggest the efficiency of topology optimization 

steps. 

Final design of the gantry is shown in Fig.16 

 

Figure 16. Final Design 

 

Testing and Validation 

The gantry was tested using an impact hammer and 

a Laser Doppler Vibrometer to measure its natural 

frequency. The impact hammer was used to provide 

excitation at different locations on the surface of 

the gantry. The response of the gantry was then 

analyzed using FFT (Fast Fourier Transform) to 

determine the natural frequency. The test setup can 

be seen in the picture shown in Fig. 17. 

 
Experimental Setup 
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Figure 17. FFT at center of gantry structure 

(Impact hammer excitation) 

 

Based on the results obtained, when cutting MDF 

(Medium-Density Fiberboard), the first peak was 

observed at approximately 300Hz. On the other 

hand, it was found that when cutting aluminum, the 

first resonance peak occurred at around 167Hz. 

FFT of both responses are depicted in Fig.17 and 

Fig. 18 

To optimize the performance of the machine on 

both materials, it is important to avoid the super 

harmonics of the frequency results. Super 

harmonics are multiples of the natural frequency 

and can lead to unwanted vibrations and decreased 

performance. By avoiding these super harmonics, 

the machine can operate more efficiently and 

effectively on both aluminum and MDF. In 

practical terms, this means that when setting the 

RPM (Revolutions Per Minute) for cutting 

operations, it is necessary to select values that do 

not coincide with the multiples of the natural 

frequencies of the gantry on both materials. By 

doing so, the machine can avoid resonance and 

achieve optimal performance while cutting 

aluminum and MDF. 

 

 
Figure 16. FFT at center of gantry structure 

(Feed 2500mm/min, Depth of cut: 7mm, 

Material: MDF) 

 

 
Figure 17. FFT at center of gantry structure 

(Feed 2500mm/min, Depth of cut: 0.9mm, 

Material: Aluminum) 

 

The highest natural frequency obtained in literature 

for a machine tool gantry with comparable 

dimensions is obtained in [26], the first natural 

frequency of the gantry in the said study is 202Hz. 

In our study the complete algorithm increased the 

frequency from 210 Hz to 301 Hz, which is an 

improvement of almost 38%. 

 

Conclusion 

The following conclusions are derived from the 

results of the present research work: 

• In order to design the gantry more accurately with 

more rigidity, it is essential to stiffen base feed 

drive structure. Most importantly, the gantry 

should be simulated assuming feed drive as 

elastic support. Approximation of boundary 

condition of gantry column base as fixed support 

can be done if the rigidity of feed drive is 

comparable to a ground bolted mechanical 

system. 

• Optimization of feed drive system in the structure 

tends to provide more stability and yields better 

results when its natural frequency is measured. 

• Providing fixed supports to the cantilever portion 

of the feed drive along the base of linear guide 

mounting plate will improve the dynamic stability 

and gives higher values of natural frequency. 

• The modified design which included stiffener 

showed more rigidity and stiffness of the gantry 

system. Topology optimization was conducted 

for this design and the mass of the structure was 

considerably reduced for effective usage of 

material. The modal analysis results were 

remarkable, and proved that the gantry, though 

reduced in mass and volume, can withstand equal 

static and dynamic loads with the support of 
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stiffener compared to the previous design, which 

was found to be non-optimal. 

• The introduction of honeycomb structure to the 

top face of the gantry provides only marginal 

improvement in the natural frequency. This 

marginal frequency does not impact much on the 

dynamic condition of the gantry system. 

• After obtaining optimal mass distribution 

throughout the domain using mode shifting, shape 

optimization and topology optimization 

respectively. 

• The natural frequency of the gantry can be 

investigated by conducting the laser vibrometer 

test on three different locations on the gantry 

surface to identify the resonance frequency which 

can serve the best operating RPM guide. 

• The stiffener efficiency proposed in section 4.1, 

can be universally used to find the applicability of 

any rigidity enhancing stiffener. Low negative 

value of proposed efficiency (𝜂𝑟) can be 

considered as indicator of mode shifting 

optimization step efficiency. A positive value 

indicates the efficiency of topology/shape 

optimization. 
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