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Abstract  
 

 

The application of individual components in the milling machine design must be monitored 

because of the mechanical load affecting individual parts. For this reason, defined and 

monitored parameters within the design include, for example, individual fixed elements, the 

acting forces and the material properties of individual parts. In fact, the material properties 

are one of the main criteria included in the control calculations and numerical simulations that 

were developed to verify the proposed structure.  
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INTRODUCTION  

The design of milling machine is based on the theoretical foundations of milling technology 

and types of milling machine constructions.  

When designing a cutting machine, it is necessary to select from a set of possible 

conceptual machine solutions best meeting specific working conditions and requirements. 

The basic pre-requisite for milling machines is to observe the relative workpiece/ tool 

placement in a precisely defined position. Milling machines are of different designs, but certain 

construction nodes are similar and perform the same task. The main part of milling machine is 

a frame. Drive-motors are used to derive the main cutting motion. During machining, the 

workpiece and the milling machine move along precisely defined paths - guides. Bearings are 

used to capture torque reactions from the motor. Connecting elements and mechanisms are used 

to connect structural elements. To make these parts move relatively to each other, the milling 

machine must be supplemented with numerical control of the machine, a set of sensors and 

necessary lubricants. 
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Selected structural parts of the designed portal milling machine need to be verified, for 

example, by static strength analysis. The strength analysis determined for the Y-axis is selected 

because of the combined stress where the forces are asymmetrical to the guide. The strength 

analysis of arms in which the Y-axis guides are constrained is selected because of the stresses 

that occur when machining in the Y-axis direction.  

REQUIRED FEATURES AND PARAMETERS OF THE MILLING MACHINE  

Dimensions of the milling machines are determined by the size of the table clamping 

surface. The characteristic parameter of milling machines is the width of the table, which is 

then subject to the construction of the whole machine. 

When determining the required properties of milling machines and their parameters, the 

designer must evaluate [1, 2, 5]: 

• Purpose the milling machine will be intended for, 

• Design of the milling machine, 

• Material to be machined, 

• Quality parameters to be met. 

Basic steps of designing a milling machine [1, 2, 5]: 

• Determining the basic parameters of the milling machine (dimensions of the milling 

machine, dimensions of the workbench, method of clamping of the tool, workpiece, etc.). 

• Determining and calculating the milling technological parameters (feed per tooth, depth of 

cut, cutting speed, etc. for a given milling machine.). 

• Determining the spindle speed (the larger the cutter diameter, the smaller the spindle speed). 

• Calculating the cutting force (based on technological parameters of milling and material 

properties of machined material). 

• Calculating the cutting torque for face milling (the maximum milling conditions - max. 

milling cutter diameter 12mm). 

• Performance calculation (based on cutting force and milling technology parameters). 

• Designing the machining spindle (spindle design that meets machining requirements based 

on the calculated power, cutting torque and spindle speed).  
 

IDEA DESIGN AND DESCRIPTION OF A SINGLE-PURPOSE                              

MILLING MACHINE 

The following parameters were proposed in the frame of the idea design for a single-

purpose milling machine: 

• Milling technology - face milling, 

• Concept of milling machine - portal, 

• Machined material - aluminium and its alloys, wood, plastics, 

• Accuracy of maintaining the relative position of the workpiece and the tool in the defined 

position. 

After determining the input parameters (dimensions, spindle power, speed etc.) and the 

method of milling, it is possible to develop a particular design of the milling machine as shown 

in Figure 1. 
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Figure 1 Idea design of portal milling machine [3] 

When designing a milling machine, the following construction nodes of the machine were 

observed: 

Construction node - X axis (Figure 2) is a part of a portal milling machine, which will form 

its supporting part. Emphasis will be placed on the stiffness and high strength of the 

construction node, as it will transmit all acting forces during machining. 

• The milling machine base is a welded construction and serves as a supporting part. 

• X-axis drive for X-axis movement. 

• The work table is used to clamp the workpiece. 

Construction node - Y axis (Figure 3) is a part of a portal milling machine that carries the 

Z-spindle axis. The construction node will transmit the applied forces during machining and 

therefore high stiffness is emphasized. 

Construction node – Z axis (Figure 4) is a part of a portal milling machine that provides 

machining in the Z direction. 

 
a) 
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b) 

Figure 2  Construction node – X axis [3] 

a)  Base and drive of X axis: 1-2-phase stepper motor, 2-engine mount, 3-clutch, 4-reinforcement of 

the base, 5-nut holder, 6-ball screw with nut, 7-bearing units, 8-spacer 

b)  Workbench: 1-spacer with electric wiring to spindle and Z-axis motor, 2-arms, 3-workpiece, 4-ball 

linear guides, 5-workbench table 

 

 

Figure 3 Construction node – Y axis [3] 

1-2-phase stepper motor, 2-flexible coupling, 3-motor mount, 4-fixing table, 5, 6-ball case                    

and guide, 7-guide rods, 8-ball screw, 9-bearing units 
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Figure 4 Construction node – Z axis [3] 

1-clamping table, 2-ball linear guide, 3-clamping table for spindle, 4-spindle, 5-screw                         

and clamps for spindle clamping, 6-2-phase stepper motor, 7-flexible coupling, 8-ball screw,                                 

9-bearing units, 10-normalized collet for milling tool clamping 

 

Technical assessment of the proposal  

 

In the frame of technical evaluation described were individual parts of milling machine, 

and static strength analysis of selected parts was made [4, 8, 9]: 

Frame of milling machine 

The frame of the proposed milling machine is of a portal type and ensures high rigidity at 

a relatively low cost. The base of the milling machine will be welded from 1.0570 steel for the 

reasons of simplicity and economical demands. Arms are attached to the frame with a spacer 

and connected via guide bars. The material of the arms and spacers is made of aluminium alloy. 

The guide bars are made of steel with surface hardening. 

Drives of the milling machine 

The milling drive system ensures relative movement between the workpiece and the tool. 

The drive mechanism transforms the input energy into the mechanical energy. The output 

movement can be either rotational or linear translational. Generally, the drive system consists 

of a drive member, a shaft coupling, a transmission and an output member. The 2-phase stepper 

motors are designed for milling machine drives. 

Engine mount 

The engine mounts are fitted with standard mounts that ensure fast and easy clamping of 

the engine, the alignment of the engine axis with the ball screw axis and the bearing unit 

mounting. 

Gear mechanism - ball screw with nut 

The gear mechanism converts the rotary motion, output of the stepper motor, to a linear 

motion. The transmission mechanisms regulate the speed of the drive member. Ball screws are 

designed for the milling machine movement mechanism consisting of a bolt, nut and rolling 

elements. There is a kinematic coupling between the engine speed and the nut feed on the screw. 

This kinematic coupling ensures accurate measurement of the spindle position. 
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The ball screw for the X, Y and Z axes must be checked for buckling stiffness. The ball 

screw may be loaded with axial force to the extent not deforming the screw. The load-bearing 

capacity of the screw depends on the diameter, length and method of screw mounting. 

Milling machine guides 

Guides perform the function of ensuring relative movement between individual 

construction nodes and transfer loads from one machine part to another. 

The design of the guide parts of the milling machine is very important because the quality 

of the guide parts of the milling machine directly affect the accuracy of the machine, its rigidity, 

repeatability and other properties. 

When designing a milling machine, a combination of guides is solved. For the X and Z 

axes, the ball linear guides having a low coefficient of friction which is independent of the 

speed of movement, low free-play, high rigidity, and low vibration and damping properties are 

used. 

For the Y-axis, there are circular guides consisting of two standardized guide rods and two 

ball bushings. 

Bearing units 

The bearing of the shafts (ball screw) affects the functionality, service life and smooth 

running of the motor and transmission, respectively. Roller bearings are used to support the 

shafts. Usually the shaft is mounted statically. Depending on the load acting on the shaft, radial, 

axial and radial-axial bearings are used. The design of the bearings is standardized. Motor-shaft 

misalignment exponentially reduces the bearing and coupling life. To simplify assembly and 

maintenance, the bearing units consist of a bearing housing. Clamping of the bearing unit can 

be accomplished by means of screws and a precise hole/shaft bedding (H7 / g6). 

Shaft coupling 

The couplings are used to transfer the torque between two rotating parts, the motor-shaft 

and the motor-gearbox. The function of coupling is to eliminate the torsional oscillations that 

occur when transmitting the torque. They also enable the assembly and disassembly of the 

drivetrain, eliminate inaccuracies that arise in the manufacture of machine parts and function 

as an overload protection system. For the proposed milling machine, flexible couplings with a 

form coupling will be used. They consist of three basic parts - two reels and a flexible member. 

The flexible coupling members are usually made of rubber. 

Machining spindle 

The main cutting movement during milling is performed by a milling tool, which is driven 

by the machining spindle. The design of the machining spindle must be based on the milling 

technology parameters. The basic requirement for the spindle is the minimum radial and axial 

runout. The machining spindle must be sufficiently rigid - the stiffness of the spindle has a 

direct effect on the accuracy of the workpiece produced. 

Control system of milling machine 

The milling machine control is a set of milling machine activities and peripherals that 

enable machining. These activities ensure automatic control of the milling process; the 

movement of the milling cutter is determined by the trajectory prescribed by the NC program. 

The program must contain information about the machining geometry (movement trajectory), 

technological information (spindle speed, feed, cutting speed, etc.) and auxiliary information 

(inspection, cooling, measurement and others). In order to allow the movement of the designed 

milling machine, it is necessary to add controls to the individual motors and the machining 

spindle, which process the signals and determine the movements according to the selected 

program. The sensors will secure the position of the cutter. 
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Static strength analysis of the Y axis guide 

Loading of the Y-axis guide is a combination of bending and torque. The resulting stresses 

cause deflection and twisting of the guide bars. These bends cause machining inaccuracies. The 

most unfavourable condition that can occur during machining will be taken into account during 

the guide analysis [7]. 

Numerical simulation of the milling machine loading 

Analysis will be calculated using FEM in the PTC Creo 3.0 modeling program. For strength 

analysis, the continuous model Figure 5 must be modelled, that is, the model must behave as a 

homogeneous body. The model will serve as a simplified representation of part of the proposed 

milling machine. The modelled body will replace the identical dimensions, material and 

mechanical properties of the proposed milling machine. Strength analysis will be calculated 

using the HMH hypothesis (Huber - von Mises-Hencky). This hypothesis gives the most 

accurate values and is most often used in the FEM calculations. The method is suitable for 

tough materials. The reduced stress according to the HMH hypothesis arises as a conversion of 

the multiaxial stress (the compressive / tensile stress in the X, Y, Z direction and the shear stress 

in the X, Y, Z direction) to the uniaxial stress. 

To perform the calculation, the input parameters have to be introduced: 

• Component constraints - the constraints of all parts (surfaces) that will be stationary in the 

calculation should be defined in the model, Figure 5. 

• Loading force - The applied forces Fc = 393 N, Ff = 271 N which will arise during machining 

(Figure 5) will be defined in the model. When simulating larger parts of machines, it is 

necessary to consider the gravitational force. Weight of model is approx. m = 12 kg. 

• Material properties - the material properties of the calculated parts must be applied for 

correct calculation. For structural analysis, it is necessary to apply mechanical properties of 

the steel. The material of the guide rods is steel 1.1213 (E = 1.9.105 MPa, Poisson number 

µ = 0.3). 

Model meshing 

The meshing of the model in Figure 5 serves for its division into small elements in which 

the stresses will be calculated separately. 

• Mesh parameters - element size is defined to 10 mm. 

 

 

Figure 5 Simulation model, application of calculation elements and model meshing [3] 

1-constraint, 2-acting force Ff, 3-acting force Fc, 4-gravitation force, 5-material properties 
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The output element of the calculation is a model in which the stresses in the individual 

nodes and the magnitude of displacements under the effect of forces are calculated. Numerical 

simulation will be applied for face milling, Z-axis milling and a combination of milling 

movements (Figure 6, Figure 7, Figure 8 and Table 1). 

 

 

Figure 6 Calculation of stresses during face milling – X-axis, shift in X-axis direction [3] 

 

 

 

Figure 7 Calculation of stresses during face milling – Y-axis, shift in X-axis direction [3] 
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Figure 8 Calculation of stresses during vertical milling – Z-axis, shift in X-axis direction [3] 

 

Table 1 Calculated stresses in nodes and corresponding shifts caused by acting forces  

 
Face milling – 

X – axis 

Face milling – 

Y – axis 

Vertical milling - 

Z – axis 

Load  

[N] 
Fc=393 Fc=393 

Ff=271 

The maximum stress induced 

on the guide rods  

[MPa] 

70 26 30 

The maximum allowable stress 

[MPa] 

340 340 340 

Shift in X-axis direction  

[mm] 

0.42 0.4 0.01 

Shift in Y-axis direction  

[mm] 

0.42 0.005 0.008 

Shift in Z-axis direction  

[mm] 

0.42 0.006 0.16 

 

Strength analysis of arms 

 

The strength analysis for the arms in which the Y-axis guides are constrained is selected 

because of the stresses that occur when machining in the Y-axis direction (Figure 9, Table 2). 

When machining in the Y direction, the generated bending moment can lead to destruction. 

Input parameters for calculation [6]: 

 Load Fc: 393 N 

 Material Properties – material of arms is AW 2024 (E=0.75.105 MPa, Poisson number 

µ=0.34)  
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Figure 9 Calculation of stress for arms and shift in Y axis direction [3] 

 

Table 2 Calculated stresses induced on arm and corresponding shifts caused by acting 

forces 

 Milling in Y-axis direction 

Load  

[N] 
Fc=393 

The maximum stress induced on the guide rods 

[MPa] 

25 

The maximum allowable stress 

[MPa] 

170 

Shift in X-axis direction  

[mm] 

0.15 

CONCLUSION  

The basic parameters influencing design of milling machine were determined by the 

machining technology and the way of machining the workpiece. The idea design of milling 

machine was developed in the chronological stages which were logically interconnected. In the 

framework of construction nodes, described were also the proposed individual parts and 

mechanisms used in the design. Important information which has to be observed and which 

influences the functionality and precision of the whole structure is strength and deformation of 

each individual node. These deformations are influenced by the loading forces originating from 

the used technology of machining. Therefore, numerical simulation was applied at the selected 

construction nodes of the designed milling machine. Static loading during simulation was 

applied in order to determine and evaluate the deformations and deviations of construction 

nodes, exhibited at the boundary loading values during machining of workpiece. The idea 

design of the milling machine was performed as a part of the process, where the goal was to 
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produce the milling machine and use it for the education of students within various study 

programmes.   
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