
 

 

  

Abstract—The capability of CNC gantry milling machines in 

manufacturing long components has caused the expanded use of such 

machines. On the other hand, the machines’ gantry rigidity can 

reduce under severe loads or vibration during operation. Indeed, the 

quality of machining is dependent on the machine’s dynamic 

behavior throughout the operating process. For this reason, these 

types of machines have always been used widely and are not 

efficient. Therefore, they can usually be employed for rough 

machining and may not produce adequate surface finishing. In this 

paper, a CNC gantry milling machine with the potential to produce 

good surface finish has been designed and analyzed. The lowest 

natural frequency of this machine is 202 Hz corresponding to 12000 

rpm at all motion amplitudes with a full range of suitable frequency 

responses. Meanwhile, the maximum deformation under dead loads 

for the gantry machine is 0.565µm, indicating that this machine tool 

is capable of producing higher product quality. 

 

Keywords—Finite element, frequency response, gantry design, 

gantry machine, static and dynamic analysis. 

I. INTRODUCTION 

NC gantry machine tools have been extensively utilized 

in producing large components. One of the most 

important applications of the five-axis CNC gantry machine is 

in the mold industry. This type of machine tool is widely used 

for the machining of complex components [1].High-accuracy 

CNC machine tools are required in many manufacturing 

industries due to the demand for precision and consistency of 

quality [2]. The geometry of CNC gantry machines is 

principally designed for machining long components. 

However, the machine gantry’s rigidity gets reduced under 

severe loads during machining operations. Consequently, 

excessive vibration and deformation may occur.  

Manufacturers have attempted to design a stiff-structure 

machine tool to lessen vibration, so it would be stable 

throughout machining [3].The design process and fabrication 

limitations have created difficulties in achieving good 

advantages. Normally the first natural frequencies of existing 

machine structure designs are seldom higher than 100Hz, 

corresponding to spindle speeds of around 6000rpm [4], [5]. 
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Though for good surface finishing, machine tools should reach 

over 8000rpm. As such, the lowest natural frequency of a 

machine gantry must be higher than 140Hz. On the other 

hand, for the finishing process, high spindle speed is required.  

Milling machines with less than 150Hz natural frequency 

are not able to produce high-quality products. Thus, a CNC 

gantry machine design for high-speed machining operations 

requires an appropriate gantry structure. This study is done to 

show modifications made to the machine structure so it can 

reach up to 200Hz natural frequency corresponding to 

12000rpm spindle speed. For this, the gantry structure must be 

able to resist vibration at high-speed machining operations. To 

perform satisfactorily, a machine tool must be rigid statically 

and dynamically simultaneously. Therefore, component 

dimensional accuracy is achievable with static stiffness during 

the machining process. Surface quality and maximum metal 

removal rates will be obtained with dynamic stiffness [6]. Yet, 

cutting process stability is related to the dynamic performance 

of a machine tool’s gantry structure [7]. In order to evaluate 

the resistance of machine tools against vibration, it is 

necessary to assess both the design and the machine tool's 

gantry structure concurrently. If the initial demands are not 

met, the design would require modification, as it must perform 

relative to the analytical result. This process can be repeated 

until the requirements are achieved and satisfied. 

Nevertheless, the cutting process will be stable, with good 

machining performance, when the resulting design and 

dynamic analysis of the machine tool gantry structure have 

considerable stiffness and sufficient damping [8]. 

II. METHODOLOGY 

The first small-scale gantry structure was designed for the 

present study. An existing design was evaluated, requirements 

were defined, ideas generated and a preliminary design was 

drafted. Controlling and coordinating the design with standard 

components, static and dynamic analysis, and modifications to 

the gantry design were carried out. A study of the dynamic 

behavior of the gantry structure during deformation was 

conducted. Adjustment based on the results is determined as 

an evaluation cycle, as shown in Fig. 1. After the machine 

gantry was designed, the dynamic structure behavior was 

evaluated using finite-element software. 

III. INITIAL 3D MODEL OF GANTRY MACHINE STRUCTURE 

At first a gantry machine of 600x500x300 mm was 

designed. Machining operation speed of 12,000 rpm and 

accuracy of 10 microns were predicted as the machine’s 

capability. The preliminary design of the gantry machine is 
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illustrated in Fig. 2. For static and dynamic analysis processes, 

a 3D model of the gantry structure was converted to ANSYS 

format as shown in Fig. 3. Cast iron with 1.1e+11Pa Young’s 

modulus, 7200Kgm-3 density and 0.28 Poisson’s ratio was 

selected to manufacture the gantry machine [9]. During the 

course of analysis, the mass of the gantry was 417.75Kg, each 

column was 93.55Kg and the beam was 118.8 Kg. The 

procedure of design evaluation includes an investigation of 

structural deformation under static forces (weight, shear 

forces) and the structure’s dynamic behavior. 
 

 

Fig. 1 The modification cycle 

 

 

Fig. 2 The preliminary design of the gantry machine 

IV. DYNAMIC BEHAVIOR OF STRUCTURES 

The structure’s dynamic behavior response was evaluated 

using the modal analysis technique. The lowest natural 

frequency and modes were extracted. In designing the gantry 

machine, the primary challenge regarded the movable part is 

the dynamic behavior of the structure changes at different 

positions on the Z-axis component related to the gantry beam. 

The movable parts cause the distribution of mass and stiffness 

to change. Therefore, the natural frequencies of the structure 

modify when the position of the movable parts changes. 

Hence modal analysis of the gantry for various spindle 

positions was done to identify the lowest frequency as shown 

in Fig. 4.  

 

 

Fig. 3 3D model of the structure 

 

 

(a) The spindle at the middle positions of Y axis 

 

 

(b) The spindle at the side position of Y axis 

Fig. 4 The dynamic analysis of the initial gantry structure design 

 

As can be seen in Figs. 4 (a) and (b), and due to insufficient 

rigidity, columns structurally vibrated at different frequencies 

and mode directions. The lowest natural frequency of the 

gantry structure is found to be 102Hz while the target is to 

reach up to 200Hz. The influence of moving part displacement 
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on identifying the lowest frequency of the gantry structure was 

evaluated. The minimum frequency occurred when the spindle 

was in the middle position of the Y-axis. It means that this 

spindle location is a critical point, for which reason 

subsequent analysis was done in this position. 

V. DESIGN MODIFICATION PROCESS 

A. Gantry Geometry Modification 

In order to increase the structure’s rigidity, the column cross 

section geometry of the gantry structure was modified in this 

step. The design modification process to increase the gantry’s 

stiffness was repeated several times successively for various 

columns and beams; the geometric shapes are shown in Figs. 5 

and 6. Next, dynamic analysis was performed for the final 

modified gantry structure as shown in Fig. 7. The result 

indicates that the lowest natural frequency increased up to 

176.25Hz, but the target to achieve (200Hz) is still not 

achieved, hence the design is requiring further modification. 

 

 

(a) Initial designs                         (b) Final designs 

Fig. 5 Columns geometry and dimension modification 

 

 

Fig. 6 The final modified gantry structure  

 

Fig. 7 The result of dynamic analysis of the modified gantry structure  

B. Gantry Material Modification 

According to the outcome shown in Fig. 7 whereby the 

gantry was manufactured using cast iron, the natural frequency 

was found to be 176.25Hz, which is still below the required 

frequency of 200Hz. To perform additional modification to 

reach the required frequency, the gantry material had to be 

changed. Cast iron is the material most commonly used for 

machine tool structures for the past several years. Lately, due 

to advances in welding technology, welded steel structures are 

finding more extensive applications. A number of factors are 

discussed to deliberate on whether the structure should be 

made of cast iron or steel. 

Cast iron has higher inherent damping, better sliding and 

low cost manufacturing. Steel has superior strength under 

static and dynamic loading, as well as unit rigidity under 

tensile, torsional and bending loads. In addition, welded steel 

structure joints are able to possess high damping too. 

However, the high cost and long manufacturing processes are 

among the disadvantages of steel structures. Based on the 

considerations discussed, the function of cast iron and steel 

may be specified as follows. Steel structures should be made 

for simple, heavy loads that are manufactured in small 

numbers. Cast iron structures should be made for complex 

structures subjected to normal loading and that are to be made 

produced in large numbers. Lately, combined welded and cast 

structures are becoming popular. They are generally used 

where a steel structure is economically suitable but difficult to 

manufacture owing to the complexity of some parts; these 

complex parts would then be separately cast and welded to the 

main structure [8], [10]. Therefore, the combination of steel 

and cast iron is the best solution in this case. The beam 

material selected is made from welded steel as it is not 

complicated to manufacture, while the two columns were cast 

using cast iron. Dynamic analysis of the new machine 

structure using the combination of steel and cast iron was 

performed as shown in Fig. 8. As seen in Figs. 8 (a) and (b) 

the lowest frequency achieved is 202.23Hz, which 

corresponds with the requisite design factor. 

VI. HARMONIC ANALYSIS 

In the following step, the total amount of deformation the 

structure underwent during vibration was investigated with 

harmonic analysis and frequency response for the first two 

modes. Furthermore, non-linear parameters, such as damping 

were applied to the spindle's tips and the responses were 
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assessed for different coordinates (Fig. 9). The maximum 

spindle tip deformation during vibration was 0.013µm. The 

results of the dynamic analysis and evaluations of the structure 

are acceptable. 
 

 

(a) The middle position of spindle 

 

 

(b) The side position of spindle 

Fig. 8 The dynamic analysis of the gantry structure using 

combination of steel and cast iron 

 

 

Fig. 9 Total deformation in harmonic response  

VII. STATIC FORCES ANALYSIS 

After modifications, the total weight of the gantry structure 

was 627.0Kg, with each column weighing 191.83Kg, the 

beam 114.3Kg, and the Z-axis part 129.06 Kg. Hence, the 

entire beam deformation under the weight of the beam and the 

Z-axis part (243.36 Kg) was evaluated and the result is 

presented in Fig. 10. It is obvious from this figure that the total 

deformation under the weight is low and does not affect the 

machine’s accuracy. 

To investigate the deformation caused by cutting forces, the 

standard spindle selected had 3.3Nm torque, 6kW power and 

12,000rpm spindle speed. The amount of force generated at 

the edge of the 8mm diameter end-mill was F = 825Nm. For 

gantry structure behavior evaluation under the total amount of 

force (F=990N) with the safety coefficient C=1. 2, force was 

applied at the edge of the end-mill. The maximum 

deformation was extracted by static analysis. Analysis results 

are given in Fig. 11. 

Fig. 11 points out that the maximum deformation on the 

spindle tip under maximum force with the condition of critical 

position of the beam’s Z-axis part obtained was 0.0099mm. 

Thus target accuracy (10 microns) was achievable even in a 

critical condition. In addition, the total errors, including the 

machine's fabrication tolerance and assembly process could be 

calculated as well [11]-[13]. These determined the machine’s 

precision. In any case, cutting forces with their shake 

phenomenon lead to some undesirable deformations, besides 

altered accuracy and stability during machining [14], [15]. 

 

 

Fig. 10 The total deformation of the beam under the weight 

 

 

Fig. 11 The static analysis result 

VIII. CONCLUSION 

In this paper, an initial CNC gantry milling machine 

structure with the potential to produce high surface finish has 

been designed and analyzed. The target was to achieve lowest 

natural frequency of 200Hz corresponding to 12000 rpm at all 
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motion amplitudes with a full range of suitable frequency 

responses. Modal analysis of the initial gantry structure design 

was performed and its natural frequency was 102.36HZ. To 

improve the dynamic behavior of the gantry structure so it can 

endure at frequencies above 200HZ, a modification process 

was carried out to increase stiffness. Following enhancement, 

appropriate behavior was attained. Deformation of less than 10 

microns ensued at the tip of the spindle when the minimum 

natural frequency of the gantry structure rose slightly above 

200Hz. An increase in the structure’s weight was the 

significant factor for the identified deformation. However, the 

variation did not have a negative impact on the precision of 

the machine. As a result, the weight increased after 

modifications to the gantry structure were made, while the 

amount of deformation and overall dynamic behavior 

improved. In addition, the efficacy of the Z-axis part’s 

position on the dynamic behavior of the gantry structure was 

studied. By displacement of the spindle position, the dynamic 

behavior of gantry structures will change. Evaluations on the 

gantry structure’s behavior demonstrated that the least natural 

frequency occurred while the Z-axis part was located below 

the middle of the beam. This signifies that the structure was in 

a critical situation. The results show that according to the 

critical condition, the minimum frequency of the structure is 

acceptable.  

The research results show that the designed CNC gantry 

machine is capable of functioning at a speed of 12,000rpm. 

Nevertheless, additional research is required for more optimal 

gantry machine design. 
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