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Introduction: 
The focus of this project is the development of a 

relatively small CNC vertical machining center. 

The market for smaller sized CNC machines is 

quite divided. There are many lower-end, lower-

cost machines that provide just enough 

functionality to make the claim of “CNC Metal 

Cutting Machine”. They typically cost between 

three and six thousand dollars. However, they 

are not particularly stiff machines, operate at 

relatively low speeds, and are generally devoid of 

any metric used to measure true CNC machine 

performance. On the other hand, there are 

smaller machines that are true performers, and 

carry the price tag to show for it. These 

machines cost upwards of one hundred thousand 

dollars. This project is an attempt to bridge the 

gap and get the best of both worlds. A small, yet 

robust and performing machine without breaking 

the bank. 

 

The primary machine structures are to be cast 

from a composite material called epoxy granite. 

This material has ideal properties for machine 

structures, as discussed in this paper. The 

machine is scheduled to be cast in late August or 

early September of 2021, with the rest of the 

construction and assembly to take place in the 

following months.  

 

The scope of this paper is focused particular on 

establishing a model and analysis workflow that 

allows for rapid design iteration while still 

providing a comprehensive picture of system 

response. The 3D models shown in this paper are 

“analysis models”. They have slightly simplified 

geometry to decrease solve times. Once 

geometric parameters are established and 

solidified, more nuance design features will be 

tackled. 

 

 
 

 
Figure 1: General machine structure and various 

components. 

 

General M achine Structure: 
A conventional 3-axis CNC milling machine is 

typically comprised of three orthogonal linear 

actuators affixed to a rigid mechanical structure. 

These linear actuators provide controlled motion 

between a workpiece and rotating cutter to 

strategically remove material as described by an 

input program (G-Code or .nc file). These linear 

actuators are typically made up of a drive screw 



rigidly supported between bearing blocks, a 

motor, a stage, and linear bearings.  

 

Design Criteria: 
The design of a modern CNC machine can be 

described as the minimization of: 

• Deformation while undergoing cutting 

• Cost 

• Machine Footprint 

and the maximization of: 

• Material Removal Rate (MRR) 

• Work Volume 

The primary design criteria for this machine is 

the minimization of relative displacements 

between the spindle and machine table. 

Deformations resulting from the various force 

inputs the machine sees (described in the 

following section) would result in inaccurate 

feature geometry and poor surface quality. A 

gantry machine was chosen over a more 

conventional “c-channel” machine specifically 

because of its stiffness. The critical parameters 

for the stiffness of these machines are covered in 

section “Analysis -- Analytical Calculations”. 

 

The secondary design criteria are the 

maximation of the MRR and work volume. The 

MRR describes how quickly a machine can 

remove material and thus how quickly it can 

make parts. The work volume describes the size 

of part that can be made on the machine. The 

effort to build a full-scale machining center is 

wasted if every part made on the machine takes 

ages to machine and if the machine isn’t large 

enough to make any reasonably sized parts. 

These criteria are the core metrics that describe 

the functionality and performance of a vertical 

machining center. Cost and footprint were of 

course also taken into consideration. Although 

the project is self-funded, because this machine 

isn’t being designed as part of a business looking 

to profit, cost is not as essential. Additionally, 

the machine isn’t being sold to manufacturing 

facilities where square footage is worth millions 

of dollars, so footprint was also less of a driver.  

 

It’s worth nothing that there is in theory a risk 

of overloading if the machine is crashed. This is 

not used as a primary design criterion because 

the servo motors (discussed later) on the drives 

have overload protection and can be 

programmed to shut off if current draw exceeds 

what is expected for the worst-case cutting 

scenario multiplied by some redundancy 

coefficient. Additionally, stiffness seems to scale 

slower than load carrying capacity, at least for 

the stiffness magnitudes required for the 

machine, and therefore components that meet 

stiffness requirements typically already meet 

strength requirements with significant margin. 

 

Breakdown of System Inputs:  
During operation, a CNC undergoes a 

combination of both static and dynamic loads. 

The primary static load is the gravity loads 

associated with heavy components cantilevered 

relative to the gantry or column. The spindle, 

spindle drive and pneumatic tool changing 

cylinder can weigh more than 50 kilograms. 

These masses are typically cantilevered relative 

to some support and a substantial moment can 

develop. This moment load can distort the 

mechanical structure. The gantry style machine 

is extremely stiff and resists these deformations. 

That being said, deformations from gravity 

loading are inevitable, but can cleverly be 

compensated for. This compensation method is 

covered in the manufacturing section and can 

only correct minor deviations, so minimization of 

deformations resulting from static gravity loads 

is still a major concern. 

 



There are two major sources of dynamic 

excitation in a CNC machine, from the cutting 

action and from inertial loads axis movements. 

These axis movement loads are exacerbated by 

the nature of the velocity commanded to the 

axis drives. To understand this loading input, it 

is first necessary to understand how exactly the 

machine controller moves the workpiece.  

A conventional three-axis machine typically has 

three orthogonal actuation directions. This 

presents an engineering complication as a 

methodology must be developed for moving in 

any path that is curved or not aligned with one 

of these axes. This action of converting 

positional commands to discrete velocity profiles 

is referred to as interpolation. Movement along 

any arbitrary continuous path can be 

accomplished by representing that path as a 

series of discrete line segments (linear 

interpolation) which the machine can traverse by 

simultaneously pulsing velocity commands to 

multiple axis.  

 

 
Figure 2: Example of arbitrary curved path 

being interpolated by linear segments. Axis 

velocity profiles are generated for each of these 

segments. 

 

Until recently, many CNC machine controllers 

were limited by computational speed and 

memory. This necessitated very simple 

interpolation schemes to reduce file size and 

computational load on the controller. The 

simplest and what used to be the most common 

velocity control profile was a simple trapezoidal 

profile, a ramp up to constant velocity, then a 

ramp down. In the machine controller, an 

acceleration constant must be set to tell the 

controller what the slope of the velocity ramp is. 

Recall that the first derivative of a body’s 

velocity is acceleration, and the second 

derivative is jerk. Additionally, recall that the 

first derivative of a ramp function is a step 

function, and the first derivative of a step 

function is the impulse function. So, when using 

a trapezoidal velocity profile, the jerk response is 

effectively infinite at the union of each 

interpolation segment. This jerk impulse can 

excite the dynamic modes of the mechanical 

structure, drastically influencing the surface 

quality and dimensional accuracy of machined 

features. Typically, older CNC machines were 

run much slower in an effort to combat this 

issue. With the advent of more powerful 

computers and carbide tooling, machines can run 

much faster because now we can use more 

complex interpolation schemes and velocity 

profiles. A very common scheme is to still use 

linear interpolation but have the command 

velocity profiles as “jerk-limited” profiles.  

 

 
Figure 3: Comparison of trapezoidal and jerk-

limited motion profiles 

 

These velocity profiles are smooth, unlike the 

trapezoid, and thus yield trapezoidal acceleration 

profiles and step jerk profiles. This stepped jerk 

profile greatly reduces the excitations in the 



machine and thus yields higher quality parts, 

even at significantly faster speeds. Nonetheless, 

the rapid accelerations and decelerations still 

effect machine performance and need to be 

analyzed. This is especially true in modern CNC 

design. Many modern machine designers use the 

MRR to advertise the productivity of a machine. 

These large MRRs are achieved by increasing 

the axis feed rates. A machine designer can only 

take advantage of higher feed rates if the 

acceleration constants are high enough that for 

small segment moves the machine can accelerate 

fast enough to actually get to full speed. Again, 

if the acceleration rates are increased, so are the 

jerk values, and thus further increasing the 

magnitude of the dynamic response. So, 

understanding the tradeoff between achievable 

MRR and resulting part quality is essential in 

the design of a modern CNC machine. 

 

The cutting forces are the primary source of 

dynamic excitation. As a cutter rotates in the 

spindle, and the workpiece is traversed by axis 

actuation, the cutter comes in and out of 

engagement with the workpiece at a frequency 

that is dependent on the spindle RPM and 

cutter flute count. Even for a smaller sized 

machine with a higher speed (20kRPM – 

30kRPM) spindle, cutting forces for steels 

reaching up to 1,000 newtons at an input 

frequency in the kilohertz range can be expected. 

A huge component of the analysis of this 

machine was understanding the cutting forces 

associated with different materials and different 

“cutting scenarios”.  

 

A cutting scenario is defined as the state of all 

relevant cutting parameters while a cut is taken, 

such as feed rate or chip load, spindle RPM or 

surface speed, radial and axial stepovers, number 

of flutes, etc. Sadly, there is no purely analytical 

model for milling action and at least some 

empirical data needs to be collected to predict 

cutting forces. The original plan was to 

construct a lathe turning tool equipped with 

strain gauges. Specific cuts were to be taken 

while recording strain data. This data would be 

used to back work out directional cutting 

coefficients associated with a particular material. 

These coefficients could be transformed by 

matrix operations to be applied in an arbitrary 

direction and thus applied to a general oblique 

cutting model for milling. This would allow for 

cutting forces in the cutter reference frame to be 

calculated, and then transformed into the 

machine reference frame. Finally, the workpiece 

and cutter could be programmatically meshed 

using voxels and the cutting action for an 

arbitrary CNC program could be simulated. The 

program would move the cutter a small discrete 

step, check for overlap between cutter and 

workpiece voxels, if overlap exists, apply cutting 

oblique model and remove the workpiece voxel.  

A significant amount of time was spent 

developing this software as an object-oriented 

program in Python. However, samples for any 

material that needed to be analyzed had to be 

purchased, and there were concerns about the 

quality of data recorded by an ADC made from 

an Arduino. Luckily, a software company 

ThirdWave Sytems makes a product that has 

exactly this functionality, including a library 

with an extensive variety of materials. Although 

the software is typically over ten thousand 

dollars, ThirdWave very generously provided a 

60-day license for the project. The software is 

incredible, easy to use, and its output was 

invaluable for the design of this machine. There 

was extensive work done to automate 

interactions with this software, discussed in 

section “Analysis – Cutting Force Generation”. 

 

 

 



M anufacturability: 
A benefit of epoxy granite is that it can be cast 

and cured at room temperature. This means that 

for a one-off machine, simple molds can be made 

very cheaply using sealed HDO boards cut on a 

table saw or router table. Because these boards 

are not controlled very closely for flatness, the 

resulting surface that is formed by the epoxy 

granite inside the mold will also not be 

particularly flat. This is also exacerbated by the 

fact that these HDO molds tend to bow slightly 

from the immense weight of the curing epoxy 

granite. This means that a necessary step after 

casting is a “truing” of critical machine surfaces. 

This is done by machining, grinding, or lapping 

these surfaces after they are released from the 

mold. Because the epoxy granite is primarily 

stone, it does not machine or grind very easily 

and so it is necessary to embed metallic 

reference surfaces into the epoxy granite that 

can be trued after casting. An additional benefit 

is that these reference surfaces exist at every 

critical bolted connection and can be easily 

drilled and tapped. Alternatively, threaded 

inserts could be embedded into the surface of the 

epoxy granite. Bolted connections made to the 

reference surfaces should be significantly stiffer 

as the young’s modulus of the reference surfaces 

is about 5x that of epoxy granite. These datum 

surfaces are anchored into the surface using L-

shaped anchors that thread in the datum 

surfaces every four inches.  

 

In an ideal world, the datum surfaces would be 

trued by milling and or surface grinding. 

However, the castings are quite large and 

cumbersome, and having a machine shop mill 

and surface grind the castings would be costly. 

The “primary” datum surfaces are those that the 

linear rails connect to. These machine datum 

surfaces will be trued using a lap made from 

granite parallels and abrasive paper. This 

process is only to qualify these datum surfaces 

for flatness and planarity. In other words, these 

surfaces are not being trued relative to any other 

surfaces, only to themselves. 

 
Figure 4: Pre and post truing of datum surfaces 

using granite lap 

 

 
Figure 5: Pre (top) and post (bottom) truing of 

showing the significance of coplanarity and 

flatness.  

 

The datum surfaces only need to be flat and 

coplanar, but the orientation and position of 

that plane is loosely controlled relative to other 

components on the machine. If these surfaces are 

not made coplanar, the rails will have excessive 

friction or bind. This loosely controlled 

orientation is acceptable because the gantry can 

be aligned to the orientation of the base and 

machine grout can be used to “lock-in” that 

orientation. The grout is mostly steel particles 

with a minimal binder. This alignment is shown 



in figure 7. All the surfaces requiring lapping are 

shown in figure 6. 

 
Figure 6: All surfaces highlighted that require 

truing  

 

This process is relatively straight forward. A dial 

indicator is placed in the spindle and is rotated 

on the table surface, probing at north, south, 

east, and west. The gantry is adjusted relative to 

the base use jackscrews that are embedded into 

the gantry datum surfaces. Once zero deviation 

is measured on the indicator, the gantry to base 

interface is dammed using clay or open cell 

foam, and the grout is injected into the seams.  

 
Figure 7: Machine components made 

perpendicular to one another by machine grout. 

 

Once cured, the grout forms a hard, 

referenceable surface that will align the gantry 

to the base repeatably even after disassembly 

and reassembly. This way of aligning machine 

structures is extremely effective because it 

references the spindle directly which effectively 

cancels out all the hard to quantify irregularities 

in the rest of the gantry structure including the 

true deformations due to gravity in the gantry. 

This is the clever method of compensation 

mentioned in an earlier section. This process also 

eliminates the need to true the gantry-base 

interface surfaces. 

 

This method of lapping and grouting can only 

correct misalignments up to a certain point, 

however. An extreme case helps to convey why 

this is true. Imagine the base datum surfaces 

were so irregular that after lapping the resulting 

angle made between the surfaces was 45 degrees. 

If the gantry is now aligned with the base at an 

angle of 45 degrees, the gantry is undergoing 

significant bending stresses due to gravity and 

the analysis conducted in this paper are no 

longer reflective of the physical system. 

Although the threshold between a tolerable and 

intolerable angle was not calculated, the worst-

case corrections in datum surfaces are expected 

to be around 250 microns over about 800 

millimeters which yields an approximate angle of 

less than two hundredths of a degree. This 

amount of deviation is assumed to be acceptable. 

Although the linear rail surfaces do not need to 

be controlled relative to other datums, the ball 

screw datum surfaces do. The necessity is made 

obvious in figure 8. If the ball screw is not 

located properly relative to the linear rails, the 

stage will not be assemble-able. If the ball screw 

is not aligned with the linear rails, the screw 

may be able to be started, but will bind 

somewhere along its travel. These ball screw 

support datum surfaces can be trued using a 

combination of hand scrapping and shimming.  



 
Figure 8: Necessity of controlling ball-screw 

datum position and orientation. 

 

Hand scraping is a technique where a sharp 

blade is used literally scrape metal from machine 

surfaces to alter their topology or orientation 

relative to other surfaces. Each scrape only cuts 

a couple microns deep. This is typically done on 

machine ways to improve average contact area 

and because the divots serve as oil reservoirs for 

lubrication. For the sake of this project, it is 

only being used to finely tune the orientation of 

one plane relative to another. In this case make 

the ball screw surfaces very parallel to linear rail 

datum surfaces. A dial indicator in a surface 

gauge can be set on the linear rail datums and 

the irregular ball screw support datums probed. 

A “map” of the surface topology is generated, 

and the high spots are scraped away. This 

process is repeated until the surfaces are 

perpendicular. This is typically a difficult 

process requiring a lot of skill, but because the 

ball screw support datum surfaces have a 

relatively small surface area, scraping them 

should be straight-forward. Again, this only 

orients the surfaces, it does not position them. 

The position of the centerline of the screw 

relative to the linear rails will be controlled 

using full area shims. Shim stock is readily 

available from most online distributors in ten-

micron resolution which should be sufficient. The 

shim stack will be calculated by measuring the 

linear distance between the linear rail datums 

and the trued ball screw support datum surfaces. 

This can be done to a relatively high precision 

using a depth micrometer or a surface gauge and 

gauge block stack. Often times, gauge shim stock 

is used to correct for misalignments in machine 

components. This only works for surfaces that 

are at least approximately controlled to one 

another, say within about 50 to 75 microns. 

There is some concern that the HDO board 

molds will produce surfaces that are so irregular 

that they can not be corrected by shimming 

without effecting the stiffness of components or 

causing binding of rails. 

 

 
Figure 9: Depicting the potential issues 

associated with shimming ends of rails for large 

surface corrections 

 

Comparison of Purchased 

Components: 
The vast space of purchasable components 

classified as “power screw”, “linear bearing”, or 

“motor” is quickly narrowed by industry norms 

and a large availability of CNC related actuator 

products. 

In terms of power screws, the two options are 

conventional sliding contact screws like ACME 

screws, or ball screws. Ball screws operate by 

recirculating bearing balls in a race the emulates 

a conventional nut that interfaces with race 

grooves cut into the screw to form threads. This 

means that unlike the ACME screw which sees 

sliding friction at the screw-nut interface, a ball 

screw sees rolling friction at the screw-nut 

interface. Because rolling friction coefficients are 

typically several orders of magnitude smaller 

than those of sliding, a window of opportunity is 

opened for the functionality of the power screw. 

Firstly, a lower frictional coefficient results in 

less energy lost in the form of heat under 



actuation, so the ball screw is significantly more 

efficient. This means smaller and cheaper axis 

drive motors can be used. Secondly, because the 

frictional forces only weakly scale with the 

thrust load on the screw, the screw can operate 

with a much higher dynamic load capacity, 

holding input power constant. Additionally, the 

preloading on the screw can be extremely high 

which can totally eliminate backlash and 

dramatically increase contact stiffness, both of 

which will increase responsiveness and positional 

accuracy of the actuator.  

 

Figure 10: Relative Comparison of 

Power Screws 

 
Ball 

Screw 

ACM E 

Screw 

Efficiency 70-90% 20-40% 

Actuation 

Rate 
High Low-Medium 

Preload 

Stiffness 
High Low 

Preload-

ability 
Yes Yes* 

Backdrive-

ability 
Yes No 

Cost High Low-Medium 

 

Finally, because ACME screws undergo sliding 

friction, even a small increase in preload yields a 

relatively large increase in frictional force. 

Therefore, ACME screws cannot be heavily 

preloaded without seizing the screw. They also 

experience slip-stick phenomena at high 

actuation rates, especially under high thrust 

loads. This means as the actuator moves, it jerks 

back and forth at high frequency, resulting in 

poor responsiveness and dynamic excitation of 

the machine structure. Recall that functionality 

and performance are driving this design, not 

cost, and so the choice is obvious. Thus, the 

ACME screw holds very little, to no ground in 

the construction of a modern, high-performing 

CNC machine. The job of the engineer is now 

only to “size” the ball screw. The parameters 

considered when sizing the ball screw are: 

• Actuation Rate: The frequency of rotation 

of the screw can excite resonance modes 

of the screw itself. The frequency of these 

modes is heavily dependent on the 

geometric stiffness of the screw, rather its 

moment of area, and its effective length. 

The effective length is the distance 

between fixed bearing support and nut. 

This is dependent on current position of 

the actuator stage and is therefore 

evaluated for worst case effective length. 

• Axial Stiffness and Load Capacity: The 

leadscrew is what axially constrains the 

stage of the actuator. If every time the 

actuator rapidly accelerates and 

decelerates the stage, the screw drastically 

elongates, a phase difference between 

stage position and motor inputs will 

manifest resulting in geometric error of 

machined features.  

• Lead: This is the linear distance of stage 

motion resulting from a single rotation of 

the screw. The lead is selected such that 

the drives motors are operating within an 

optimal power regime at expected cutting 

speeds. 

• Buckling: Although not as important on a 

machine this small, a critical buckling 

force is calculated again for the worst-case 

effective length. 

In the family of linear bearings there are three 

main sub-classes; circular rail linear bearings, 

square rail linear guides; and sleeve or sliding 

bearings. Sleeve bearings have virtually zero 

properties deemed necessary for high load, high 

speed CNC machines and therefor will not be 

included in the following discussion.  

 



Figure 11: Relative Comparison of 

Linear Bearings 

 

Square 

Rail 

Linear 

Guides 

Round Rail 

Linear 

Bearings 

Friction Medium Low 

Preload-

ability 
Yes Yes 

Preload 

Stiffness 
High Low 

Rail Stiffness High Low 

Cost High Low-Medium 

Accuracy High Medium 

 

There is likely no high-speed, high-load 

machining center on the market that uses 

circular rails. This is because their stiffness and 

load capacity are at least an order of magnitude 

smaller than those of square rail linear guides.  

 
Figure 12: Comparison in geometry of square rail 

(left) and circular rail (right). 

 

The difference in stiffness and strength largely 

stems from the difference in rolling element 

contact. For a round rail, there is sphere on 

cylinder (convex on convex) surface contact 

whereas the square rails are sphere on groove 

(convex on concave). It can be intuited that for 

a constant rolling element diameter, the effective 

point contact is much more compliant than 

effective line contact. Because the square rails 

are in a state of line contact, the hertzian 

contact stress’ scale much more slowly than 

those of associated with point contact. This 

means the square rail can operate with much 

higher preloads, drastically increasing the initial 

stiffness without overloading the rolling 

elements. Additionally, the round rail has a 

flange and web mounting scheme which 

drastically reduces the stiffness of the rail as the 

web effectively acts like a stubby beam in 

bending. Finally, the round rail linear guides do 

not resist moment loading very well. Even at 

moderate moment loads, the bearing house can 

separate from the rail as moment loads stretch it 

up and over the rail. 

 

A more in depth model for axis motors is in the 

process of being developed, but a brief overview 

of the design decisions to be made using this 

model are covered in figure 13.  

 

Figure 13: Relative Comparison of 

Potential Axis M otors 

 Servo Stepper 

Top Speed High Low-Medium 

Acceleration 

Rates 
High Low 

Feedback Yes No 

Torque 

Constant 

across 

speeds 

High at low 

RPM 

Cost High Low 

Accuracy High Medium 

 

The machine will almost certainly be equipped 

with AC servos on the axis. More research must 

be conducted before a specific motor can be 

conclusively selected for each axis. 

 

The spindle and spindle motor selection were 

greatly narrowed by cost and availability. Some 

spindles can cost significantly more than the 

expected cost of the entire machine. There a 



select few import markets that sell spindles and 

spindle quality motors at a reasonable price. The 

decision was made to operate at a higher RPM 

band, around 24000 RPM to take full advantage 

of carbide tooling and increased MRRs, and 

because the ANSYS dynamic simulation shows 

deformations are minimized at high frequency 

inputs. Having a pneumatic cylinder actuated 

tool-changer was deemed essential and the 

selected spindle accepts BT30 tool holders. The 

options for spindle motor were an AC servo 

motor or a 3-phase induction motor. The servo 

motor showed potential because of it’s relatively 

flat torque curve over it’s operating region. This 

means the spindle would operate have the same 

torque for cutting aluminum, steel, or even rigid 

tapping at low speeds. The cost of a relatively 

powerful servo motor that operates at a high 

RPM was on the order of several thousand 

dollars. That does not include a controller, 

spindle, tool changing cylinder, or accessories. A 

5- to 8-kW spindle, with integrated 24000RPM 

motor and integrated tool changing cylinder can 

be purchased for between 1500 and 2000 USD. 

For the hobbyist machine design market, there 

really is no other option for robust CNC 

spindles. The cutting power used to size the 

spindle comes directly from the simulations 

covered in “Analysis – Cutting Force 

Generation”. These motors are water cooled 

using a cooling jacket and therefore have very 

high duty cycles at low RPM. A problem with 

air-cooled induction motors is that if they are 

running at low RPM, they do not exhibit much 

fan cooling. For tapping, which is a high load, 

low speed operation, these air-cooled motors 

tend to overheat. 

 

M aterial Selection: 
The strategic selection of materials is a large 

component of mechanical design. Luckily, the 

material choice for this machine is innate 

component of its design, quickly narrowing the 

scope of potential material candidates to just 

one. In other words, such a machine is only 

constructable as a “at-home designer” or 

hobbyist because of the existence of epoxy 

granite. This is because complex structures can 

be cast at room temperature without a furnace 

capable of melting steel or cast iron, after all 

epoxy granite is literally graded stones mixed 

with an epoxy binder. Additionally, it can be 

cast into simple multi-piece molds constructed 

from melamine or HDO board. For a one-off 

machine, there is no need to manufacture 

temperature resistant, or extremely precise tool 

steel molds, typically costing tens to hundreds of 

thousands of dollars. 

 

It is still valuable to examine what properties 

makes epoxy granite such an ideal machine 

casting material. The properties that are 

important when selecting a material for machine 

structural components are: 

• Stiffness 

• Material Damping 

• Dimensional Stability 

• Chemical Resistance 

• Corrosion Resistance 

 

 

 

 

 

 



Figure 14: Relative Comparison of Potential Engineering M aterials for 

CNC Structures 

 

Epoxy 

Granite 

(Zanite) 

Grey 

Cast 

Iron 

M ic-6 

Aluminum 

Jig Plate 

1018 Steel 

Young’s M odulus [GPa] 30 180 70 200 

Damping Ratios 1.10 0.06 .02 0.04 

Damping by Unit 

Stiffness [%*GPa] 
33.0 10.8 1.40 8.0 

Dimensional Stability High High High 
Medium (Requires 

Stress Relieving) 

CTE [
𝝁𝒎

𝒎
−𝒐𝑪] 14.2 12.0 23.6 11.7 

Density [g/cm^3] 2.20 7.15 2.70 7.87 

     

The young’s modulus of a material is 

representative of how resistant a material is to 

deformation. This is essential as our driving 

design criteria is the minimization of 

deformation of the machine structure. 

Additionally, the natural frequencies and 

amplitude response of a structure are 

proportional to its stiffness and so a relatively 

stiff material is essential to low deformation 

structure. However, deformations from dynamic 

loading to some extent, are inevitable. Therefor 

it is essential that when the structure is excited 

by cutting action or inertial loads, the duration 

of oscillatory response is minimized. 

Conventionally in machine structures, this is 

done passively by using materials with high 

damping ratios. The damping ratio of a material 

conveys the relationship between energy stored 

in a structure and energy lost by damping 

effects. The quicker vibrational energy dissipates 

into the structure, the faster the structure 

returns to a static state. Both of these properties 

are essential for high quality finishes on 

machined parts. The product of these properties 

can be used to describe the overall performance 

of the material. 

 

From figure 14, epoxy granite shows relatively 

high stiffness and extremely high damping 

properties. When comparing product of stiffness 

and damping in in figure 14, epoxy granite is an 

obvious winner for machine structures. Recall 

that the other materials were inapplicable to the 

design because there is no capacity to cast 

metals in this project. Regardless their 

properties were studied to build a comprehensive 

picture in the material space and the better 

understand the material performance of epoxy 

granite.  

 

Epoxy granite relies on maximal packing density 

of graded granite aggregates, held together by a 

minimal fraction of binder per unit volume. 

Modelling the exact interaction between 

constituent components of the material is 

difficult and the subject of many PHD thesis. 

However, an intuition for how the material can 

provide the best of all worlds can be simply 

established. Imagine a unit cell occupied by 

irregular spheres packed into a space occupying 

maximal volume each not in direct contact with 

one another and each surrounded by a micro-

film of epoxy. For small compressive strains, the 

stones can be brought into effective contact with 



one another and a load path (or several) 

between stones is established.  

 
Figure 15: Epoxy granite cell before (left) and 

after (right) applied loads and the resulting load 

paths that develop 

 

The effective material stiffness is now a hertzian 

contact sphere problem for serially and parallel 

connected spheres. This is why minimal binder is 

essential. Too much binder and large strains are 

required for effective stone contact, or for 

multiple cells, the number of load paths 

established is diminished and the stiffness is 

more largely dependent on the material 

properties of the matrix which lack in 

comparison to the granite aggregate. Too much 

binder may also result in separation of the 

aggregate and binder and an inhomogeneous 

material. Under vibrational input, the 

viscoelastic properties of the resin matrix are 

exploited. Energy is quickly dissipated because 

of the hysteresis in the matrix stress-strain 

curve. Developing a proper graded blend of 

aggregates and binder ratios is an extremely 

difficult task. Modelling the aggregate is 

effectively a 3D irregular sphere packing 

problem. Even if a program could be written to 

model this sphere packing, developing an 

accurate enough mechanics model to produce 

ideal grading ratios would be beyond the scope 

of this project. Alternatively, purely empirical 

methods could be used, but that would require 

buying large quantity bulk aggregates, cleaning 

and hand grading them, producing dozens to 

hundreds of samples, and recording pull test 

data. Thus, the design of any such material that 

is ideal in any sense would be a significant 

undertaking. A company called Basetek was 

interested in the project and offered to cast the 

machine from their proprietary epoxy granite 

(Zanite) under supervision for little to no cost. 

Molds still need to be personally constructed, 

but they will be allowing for the use of their 

facility after signing a non-disclosure-agreement. 

Basetek makes machine structures for the 

medical, semi-conductor, and optics industries 

and have figured out an ideal blend to truly 

maximize material performance.  

 

Dimensional stability is equally as important for 

a machine structure. Materials often have 

residual stress locked into them as a result of the 

manufacturing process. This might be a result of 

temperature gradients in a casting while the 

structure cools. A temperature gradient implies a 

strain gradient, which implies a stress gradient. 

These internal stresses can also form when 

working the material. Cold working stretches 

and distorts the equilibrium state of the metals 

grain structure. Over time, some of these 

internal stresses can be relieved from vibration 

and temperature swings and the structure can 

become distorted. For a machine to produce 

accurate parts, the 3 axis must be extremely 

straight, flat, and orthogonal to one another. 

Significant effort is put into aligning these axis 

during machine assembly. If overtime the 

structures themselves bow and distort, the 

machine will no longer reliably produce quality 

parts, and might even assume of topology that 

can not be compensated for. Some materials can 

undergo a stress relieving process that raises the 

temperature just high enough such that a new 

grain structure can form and is then very slowly 

cooled to minimize the thermal gradients in the 



cross section of the material. Then, a final 

finishing operation like grinding is performed to 

true up the surfaces while inducing minimal 

internal stress. This is often a costly process, 

especially for thicker cross sections seen in CNC 

machines. Large, high temperature ovens are 

needed to fit castings, and significant time at 

crystallization temperatures is required in these 

ovens so the entire part can reach a uniform 

temperature, and then cool slowly. Because 

epoxy granite does reach an equilibrium state at 

elevated temperatures it is material that is 

innately stress free and therefor will stay 

extremely dimensionally stable overtime.  

 

The machine will be exposed to cutting fluids 

and lubricants over its life, and the materials can 

not degrade from this exposure. Epoxy granite 

and most structural materials are resistant to 

most chemicals a CNC machine might ever 

expect to see. There are often issues with 

machines rusting from water soluble coolants 

which are used as lubricants in the cutting 

process. Luckily epoxy granite can not rust and 

is more resistant to expected exposure than 

other metals.  

 

There was a more traditional strategic approach 

to selecting the datum surface material. The 

importance of these surfaces is to act as mating 

surfaces for the various components on the 

machine. Because these surfaces are directly to 

coupled to the epoxy granite, the damping 

properties are significantly less important to 

machine performance. This was validated in an 

ANSYS simulation comparing grey cast iron 

datums to Mic-6 jig plate datums surfaces. What 

was of particular importance was the fact that 

both materials were relatively stress free from 

the distributor. Internal stresses in these sections 

could distort the shape of the epoxy granite 

castings over time or lead to separation at the 

datum surface to epoxy granite interface. The 

advantage Mic-6 had over cast iron was that it 

was cheaper, and was available in plates opposed 

to bars, simplifying the design of some of smaller 

aspect ratio datum surfaces, and is easier to 

work with. The cast iron bar stock comes from a 

foundry with a cast finish, an irregular shape 

,and covered in scale. These bars must be trued 

before casting by milling on all four sides. The 

Mic-6 is used in industry as jig plate and comes 

with surfaces that are closely controlled for 

flatness and parallelism. However, Mic-6 was 

easily eliminated because of the CTE mismatch 

with the epoxy granite (see figure 14 for CTE 

values). 

 

The strength of the interface between the datum 

surfaces and the epoxy granite would be 

impossible to quantify without experimental 

data, which is beyond the capacity of this 

project. A temperature change that might be 

expected in a garage overnight yielded peak 

stress between the epoxy granite and Mic-6 of 

about 42 MPa. Because of the uncertainty, the 

conservative move is to absorb the difficulty 

associated with using the cast iron whose CTE is 

much closer to the epoxy granite and saw peak 

stresses of only about 16 MPa. 

 
Figure 16: Comparison of Mic-6 (left) and grey 

cast iron (right) datum surfaces.  

 



Analysis -- Analytical 

Calculations: 
Hand calculations were used for a first run 

approximation of many sized components and 

features. Because of access to the cutting force 

prediction software, test cuts in common 

materials could be used as basis for loading in 

these calculations. Firstly, let us return to our 

comparison between the gantry and c-channel 

style machine stiffness. These stiffness values are 

important for both static and dynamic response.  

 

 
Figure 17: Gantry machine and c-channel 

machine shown left and right respectively. 

 

The columns in these machines are typically the 

source of largest deformation especially in the x 

and y directions because of their length. The 

conventional beam stiffness equation for a 

cantilevered beam can be used to compare these 

machines. This beam stiffness equation is given 

as: 

 

𝑘𝑏𝑒𝑎𝑚 =
3𝐸𝐼

𝐿3
 

 

There are two columns on a gantry compared to 

a single column on a c-channel. Therefore, we 

can write: 

 

𝑘𝑦,𝑔𝑎𝑛𝑡𝑟𝑦 =
6𝐸𝐼

𝐿3
,     𝑘𝑦,𝑐𝑐 =

3𝐸𝐼

𝐿3
 

 

Looking at the x-direction, the gantry columns 

act like guided cantilevers. The beam stiffness 

equations can be written as: 

 

𝑘𝑥,𝑔𝑎𝑛𝑡𝑟𝑦 =
12𝐸𝐼

𝐿3
,     𝑘𝑦,𝑐𝑐 =

3𝐸𝐼

𝐿3
 

 

Finally, the z-direction stiffness equations are 

examined. The stiffness in the z-direction is a 

combination of both axial stiffness and 

cantilevered beam stiffness under a tip moment. 

The beam stiffness equations can be written as: 

 

𝑘𝑧,𝑔𝑎𝑛𝑡𝑟𝑦 =
4𝐸𝐼

𝐿2
,     𝑘𝑧,𝑐𝑐 =

2𝐸𝐼

𝐿2
 

 

and the axial stiffness equations as: 

 

𝑘𝑧_𝑎𝑥𝑖𝑎𝑙,𝑔𝑎𝑛𝑡𝑟𝑦 =
2𝐴𝐸

𝐿
,     𝑘𝑧_𝑎𝑥𝑖𝑎𝑙,𝑐𝑐 =

𝐴𝐸

𝐿
 

 

This shows that the depending on direction, the 

gantry is between two and four times stiffer than 

the c-channel machine. Because this project does 

not have the luxury of using cast iron which has 

a stiffness that is about 5x that of epoxy granite, 

additional geometric stiffness is used to combat 

deformations when using the more compliant 

epoxy granite and thus the gantry machine is 

selected. Additionally, a gantry machines table 

can pass through the columns as opposed to 

purely in front of it. This means the spindle 

cantilevered distance needed to reach the far end 

of the table and actually take advantage of the 

full table space is much smaller on a gantry 

machine. The conventional beam stiffness 

equation can be used to intuit the effect this has. 

This equation scales inversely with length cubed, 

so a small reduction in cantilevered length for 

the gantry machine yields a huge increase in 

spindle stiffness. From the beam equations we 

can note the most important geometric 

parameters in the system. The system is most 



sensitive to gantry height (L) and y-direction 

stiffness (𝐼𝑦). Selecting the gantry height is a 

tradeoff between stiffness and work piece size in 

the z-direction. If the gantry is made to be 

taller, larger work fits on the machine, but the 

gantry itself is less stiff. The issue is 

compounded by the fact that to reach 

workpieces that are not very tall, the z-axis 

would have to be extended very far from its 

supports, adding to the compliance of the 

system. 𝐼𝑦 can be scaled with little consequence 

other than difficulty of casting, cost, and 

difficulty of moving/assembly of the gantry 

itself. 

 

A first run approximation for rails and trucks 

was done using simple statics. For instance, 

sizing the rails and trucks for the x-axis for 

loading in all three principal directions is done 

by:  

 

Σ𝐹𝑥 = 0 

Σ𝐹𝑦 = 0 = 𝐹𝑦 + 𝑅1𝑦 + 𝑅2𝑦 + 𝑅3𝑦 + 𝑅4𝑦 

Σ𝐹𝑧 = 0 = 𝐹𝑧 + 𝑅1𝑧 + 𝑅2𝑧 + 𝑅3𝑧 + 𝑅4𝑧 

Σ𝑀𝑥 = 0 = 𝐹𝑦𝑑𝑧 + 𝐹𝑧𝑑𝑦  

+
𝑐

2
(𝑅1𝑦 + 𝑅2𝑦 + 𝑅3𝑦 + 𝑅4𝑦) 

Σ𝑀𝑦 = 0 = 𝐹𝑥𝑑𝑧 +
𝑏

2
(𝑅1𝑧 + 𝑅2𝑧 + 𝑅3𝑧 + 𝑅4𝑧) 

Σ𝑀𝑧 = 0 = 𝐹𝑥𝑑𝑦 +
𝑏

2
(𝑅1𝑦 + 𝑅2𝑦 + 𝑅3𝑦 + 𝑅4𝑦) 

 

 
Figure 18: Free-body-diagram for machine x-axis 

 

There is also an assumption made that because 

of symmetry, the couple formed by a pair of 

opposing trucks (about the axis of the moment 

balance) must be balanced by an equal and 

opposite couple and thus their reaction forces 

must be equal and opposite. This system is 

solved for the reaction forces. Similar statics 

equations are solved for each machine axis. A 

correction coefficient of two is used to scale the 

reactions to try and conservatively account for 

dynamic response. The reaction forces are 

compared to the manufacturers tabulated basic 

load ratings and selected. Then an initial preload 

is chosen such that for an applied cutting force, 

no truck saw more than five microns of 

deformation in any direction.  

 

Initial sizing of ball screws is done by checking 

the stiffness under accelerations, the buckling 

length, and the critical frequency. The screw is 

supported axially and radially at one end, and 

only radially at the other. This allows for 

thermally induced axial expansion during 

operation without buckling. The stiffness can be 

calculated using: 

 

𝑘𝑠𝑐𝑟𝑒𝑤 =
𝐴𝑒𝑓𝑓𝐸

𝐿
 

 

Where 𝐴𝑒𝑓𝑓 is the effective ball screw area, 

which is approximately the average of minimum 

and maximum screw diameters, E is the young’s 

modulus and L is the length between the ball 

screw nut and the fixed support. The 

“responsiveness” of the screw can be very roughly 

approximated by: 

 

Σ𝐹 = 𝑚𝑎 ⇒ 𝑘𝑠𝑐𝑟𝑒𝑤Δ𝑥 − 𝐹𝑐𝑢𝑡 = 𝑚𝑎 
 

⇒ Δ𝑥 =
𝑚𝑎 + 𝐹𝑐𝑢𝑡

𝑘𝑠𝑐𝑟𝑒𝑤
 

 



The critical speed is calculated using: 

 

𝑅𝑃𝑀 =
(1.47)(4.76 ∗ 106)𝑑𝑟

𝐿𝑒𝑓𝑓
2  

 

and the buckling critical load is calculated using: 

 

𝑃 =
2𝜋2𝐸𝐼

𝐿2
 

 

In this case the worst-case mass is the mass of 

the machine table plus a full-sized workpiece, 

and the acceleration rate is known as it is an 

input parameter to the machine controller and is 

selected by the designer. A screw was selected 

such under 1.5g acceleration, with a full-sized 

steel workpiece on the table, the screw 

underwent less than 3 microns of elongation.  

 

Analysis -- FEA Simulation: 
Because the performance of a CNC machine is 

made or broken by understanding deformations 

on the order of microns, an accurate model that 

captures the nuance of the geometry, loading 

conditions, and material effects is necessary for 

developing a sense of surety that the machine 

responds per expectation. The structure of the 

simulation is shown in figure 36. A static 

structural analysis is fed into a modal analysis, 

which is then fed into a harmonic response 

analysis. Additionally, as stated in the previous 

section, an important design component of the 

linear rails and trucks is their manufactured 

preload. By representing the interaction between 

rails and trucks as “bushing joint objects” in 

ANSYS, directional stiffness can be assigned to 

the interface and the effect of various preloads 

on response can be understood. The stiffness 

values are available in the manufacturers 

catalogue. The preload minimum was chosen 

such that no more than ten percent of total 

deformations were a result of truck and rail 

compliance.  

 

The initial static structural analysis serves two 

purposes. It allows for gravity to be “turned on” 

to statically load the machine as it would be at 

the onset of operation. This analysis also allows 

for the pre-tensioning of fasteners at all the 

critical interfaces. These are both necessary as 

they pre-stress the structure which effectively 

stiffens the structure. In a bolted connection at 

an arbitrary interface, the region is loaded by 

the tightening of the fastener and the joint 

subsequently assumes a state of compressive 

strain. This means for “tensile deformations” to 

exist, the applied tensile load must be large 

enough to cancel the compressive strain state.  

 
Figure 19: Deformations and strains due to 

static gravity loads (left and right respectively)  

 

The gravity loads pre-stress the structure in the 

same way, effecting the stiffness in an identical 

fashion. From engineering dynamics courses, we 

can write the equation of motion for a 1-DOF, 

unforced system as: 

 

𝑚�̈� + 𝑐�̇� + 𝑘𝑥 = 0 
 

and the un-damped natural frequency can be 

found by: 

𝜔𝑛 = √
𝑘

𝑚
 

 



ANSYS does something similar, but our system 

is no longer a single degree of freedom, it has a 

number of DOFs proportional to the size the 

model mesh. The number of DOFs is calculated 

simply by: 

 

𝑛𝐷𝑂𝐹_𝑡𝑜𝑡𝑎𝑙 = 𝑛𝑛𝑜𝑑𝑒𝑠 × 𝑛𝐷𝑂𝐹_𝑝𝑒𝑟 

 

The finite element system takes the form of: 

 

[M]{�̈�} + [C]{�̇�} + [𝐾]{𝑥} = 0 
 

Where each coefficient matrix (M, C, K) is 

square with dimension equal to the total DOF’s. 

The pre-stressing just scales particular elements 

of the stiffness matrix to reflect the existence of 

static loads before the modal analysis is 

conducted. The modal shapes and frequencies 

can now be calculated in ANSYS by finding the 

eigenvalues and eigenvectors of the above 

system. Recall that a harmonic analysis is to be 

conducted where a force magnitude and 

direction is defined, and a defined frequency 

band is swept, so the necessity of the modal 

analysis is not particularly clear. The reason for 

conducting the initial modal analysis is to take 

advantage of a modal superposition (MSUP) 

analysis and clustering. There are two ways a 

harmonic response analysis can be conducted. 

Either the full-method or a superposition 

method. It isn’t necessary to expand on the 

details of the full method, just know it is 

computationally more intensive and thus slower 

to solve. The MSUP is solved for the amplitude 

response by a weighted combination of mode 

shapes that were found in the modal analysis. 

This solution is much faster because much of the 

work has already been done in the modal 

analysis. Finally, clustering is a tool that allows 

ANSYS to finely resolve the amplitude response 

plots only around eigenfrequencies of the system 

instead of being forced to use fine frequency 

resolution everywhere. This means less frequency 

locations need be analyzed, and again the solve 

times are significantly faster. These frequencies 

are only known because of the initial modal 

response. This type of study is only useful when 

the harmonic response is to be run several times. 

The more the harmonic analysis is run, the less 

significant the initial solve time was of the initial 

modal simulation. A parametric study is to be 

conducted on the harmonic response analysis 

and thus the MSUP analysis proves to be very 

valuable.  

 

In the model, equal and opposite remote forces 

are applied to the table and spindle. Remote 

forces are used to simultaneously model the 

cutting action and the resulting moment loading 

induced by the cutting action acting at a 

distance relative to the table or spindle nose. 

Remote points are attached to the geometric 

center of both the table and spindle nose. 

Remote points can be used effectively as probes 

in ANSYS. The FRFs generated by ANSYS are 

for the directional displacements for both the 

spindle nose and the table.  

 

 
Figure 20: Remote forces at (A) and (B) 

attached to table and spindle geometry. 

 



The harmonic analysis produces a  frequency 

response function (FRF) for the machine. That 

is, it sweeps through pre-defined frequencies and 

produces amplitude plots for any response 

applicable (stress, strain, displacement, force, 

etc.). The frequency range is selected based on 

the speeds of readily available, lower cost 

spindles. discussed so far are linear, there is no 

need to parametrically sweep the input force 

magnitudes. Increasing the force in a particular 

direction by a factor s scales the displacement 

amplitude response in that direction by s. 

Therefore, for a different workpiece material or 

cutting scenario, all that is needed to calculate a 

new response is to take the ratio of the standard 

force inputs used in the analysis by the actual 

cutting forces for that cutting scenario. This 

ratio provides a scaling factor that can be used 

to scale the normalized FRFs. Finally, because 

the input frequency is workpiece material 

dependent (different materials are cut at 

different spindle speeds), the specific amplitude 

for a specific input frequency (specific workpiece 

material) can be found by simply evaluating the 

scaled FRF at that materials cutting frequency. 

 

 
Figure 21: Original FRFs for spindle 

displacements under a 141 N load at an angle of 

45 degrees relative to the machine x-axis. 

 

 
Figure 22: Normalized FRFs for spindle 

displacements under a force oriented at 45 

degrees relative the machine x-axis. 

 

 
Figure 23: Scaled FRFs for spindle 

displacements under a force  75 N load oriented 

at 45 degrees relative the machine x-axis. 

 

A total of six FRFs are necessary to evaluate the 

deformation response of the machine. An X, Y, 

Z FRF for the spindle nose, and the same X, Y, 

Z FRF for the table. The relative directional 

displacements between spindle and table for all 

operating frequencies can be found by taking the 

difference of two FRFs (accounting for phase 

shifts). Finally, the total relative deformation for 

all frequencies is found by taking the two norm 

of the relative directional deformations. The 

time domain position of the spindle and table 



geometric centers for a discrete amplitude and 

phase are both given as: 

 

𝑥𝑖(𝑡) = 𝐴𝑥𝑖 sin(𝜔𝑖𝑡 + 𝜙𝑖) 

𝑦(𝑡) = 𝐴𝑦𝑖 sin(𝜔𝑖𝑡 + 𝜙𝑖) 

𝑧𝑖(𝑡) = 𝐴𝑧𝑖 sin(𝜔𝑖𝑡 + 𝜙𝑖) 
 

The amplitude of each directional sinusoidal 

response can be found as the combination of 

spindle and table sinusoids.  

 

 
Figure 24: Shows the out of phase interference of 

the table and spindle and combined amplitude 

response.  

 

The total deformation amplitude for the 𝑖𝑡ℎ 

frequency is found by: 

 

Δ𝑖 = [(𝑥𝑖,𝑠𝑝𝑖𝑛𝑑𝑙𝑒 + 𝑥𝑖,𝑡𝑎𝑏𝑙𝑒) + (𝑦𝑖,𝑠𝑝𝑖𝑛𝑑𝑙𝑒 + 𝑦𝑖,𝑡𝑎𝑏𝑙𝑒)

+ (𝑧𝑖,𝑠𝑝𝑖𝑛𝑑𝑙𝑒 + 𝑧𝑖,𝑡𝑎𝑏𝑙𝑒)]
1
2 

 

Shown in figure 24 is the sinusoidal response of 

table and spindle for an arbitrary input 

frequency.  

 
Figure 25: “Combined” shows the resulting phase 

shifted total amplitude for all machine operating 

frequencies for the x direction undergoing some 

cutting action. 

 

There is still a problem, however. This issue 

arises from the fact that the harmonic analysis 

applies forces as zero mean sinusoids. Although 

the nature of the cutting action is to be 

discussed in the next section, recognizing that 

the for a constant directional cut, the direction 

of cutting forces do not change at any point 

during a loading cycle and that the forces must 

oscillate between two positive values or zero. To 

compensate for this, we can just mean shift the 

solutions. This is done by running the zero mean 

harmonic analysis and then superimposing a 

static structural solution on top of it, with 

identical forces in the proper direction. This is 

effectively just adding a constant the sinusoid to 

induce a mean shift. This is allowed again by the 

principles of linearity because these solutions are 

all linear, the superposition of solutions is also 

valid.  



 
Figure 26: Combined table and spindle time 

domain responses with the addition of an 

arbitrary cutting force mean shift 

 

 
Figure 27: Total amplitude magnitude for all 

machine axis including mean shifting. 

 

The parametric sweep that is necessary is the 

line of action of the input forces. The cutting 

action could take place in any orientation on the 

machine, and because the compliance of the 

machine is directionally dependent. A harmonic 

analysis is run sweeping through cutting angles 

at evenly spaced intervals. The z-component of 

force stays relatively constant for a given cut 

orientation. Cuts typically take place at a 

constant z-position with time varying x- and y-

positions. Rotating the cutting direction and in 

turn the cutting force magnitudes about the z-

axis does not affect the z-component of force. 

Therefore, the force component in the z direction 

is held constant and new x- and y- standard 

force input values are generated by: 

 

[
𝐹𝑥,𝑛𝑒𝑤

𝐹𝑦,𝑛𝑒𝑤
] = [

cos(𝜃) − sin(𝜃)

sin(𝜃) cos(𝜃)
] [

𝐹𝑥,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝐹𝑦,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
] 

 

 
Figure 28: Rotation of force magnitude about 

the z-axis by rotation matrix. 

 

The compliance and amplitude response are 

dependent on the position of all the machine 

axis, and the same parametric study is to be run 

for different worst case machine positions. 

 

So far, the FRFs presented have been for a 

single cutting force orientation. However, a 

parametric sweep can be used to generate a 

normalized amplitude response surface. This 

surface can be scaled produce the amplitude 

response for any force at any orientation. 



 
Figure 29: Total amplitude response surface for 

machine at “neutral” orientation (see figure 30) 

 

 
 

Figure 30: Shows the “neutral” orientation of the 

machine. 

 

All the loading conditions are accounted for so 

far, other than the inertial loads. To capture the 

elastic response of the structure for a ramped 

acceleration, a transient structural analysis is 

used. This type of analysis is computationally 

intensive and solving just a one or two seconds 

of acceleration time takes several hours. The 

machine’s X-axis was the only axis to undergo 

this analysis. This is because the moment of 

inertia is relatively large and the compliance is 

relatively high for the cantilevered spindle 

relative to the other axis directions. The analysis 

is conducted by applying a ramped acceleration 

profile to the axis ball screw nut. The 

acceleration constants are chosen to be between 

one- and two-times gravity, reflecting typical 

modern CNC machines. Again, these are selected 

using kinematics equations and max feed rate. 

The machine should be able to accelerate to full 

drive speed rapidly enough to reach full speed 

for smaller interpolation segments. The 

deformation results contain both rigid body 

motion and elastic deformation. The rigid body 

motion is subtracted from the results, yielding 

purely elastic deformations. Again, this solution 

is linear, and is superimposed onto the other 

solutions to yield a complete solution.  

  

What information does this analysis yield that is 

useful in the design of this machine? Firstly, it 

yields a complete and comprehensive picture of 

the system response and provides a sense of 

surety that what has been designed functions per 

expectation. It also allows for informed design 

decisions in the modification of structural 

geometry. The initial model saw displacements 

approximately five times greater than the final 

model. Looking at regions of high strain, 

material could be strategically added to mitigate 

these strains. Strains at the base of large 

structures yield large displacements over large 

distances. The machine went under several 

rounds of optimization to minimize these 

deformations. It also allows the extraction of 

dynamic forces on purchased components. 

Although only displacement amplitudes have 

been shown in this section, the parametric study 

extracted force information in the x-, y-, and z- 

directions for all linear guides, ball screws, and 

the gantry to base interface. Using ANSYS 

“force probes” the nodal forces at a contact 

region can be extracted for all contacts. Again, 



these forces can be extracted for any cutter force 

orientation relative to the machine coordinate 

system.  

 

Analysis – Cutting Force 

Generation: 
Access to the ThirdWave PM3D software made 

this task possible. The software accepts a GCode 

program, cutter geometry and cutting-edge 

parameters, and a material type. After the 

analysis is conducted, low resolution data for 

axis drive power, spindle power and torque and 

20 other metrics is available for export. High 

resolution cutting force data is also available for 

export. To give a sense of resolution, for a two 

second cut, the CSV file is about three hundred 

thousand lines long. This produces cutting force 

information per degree of rotation or about per 

microsecond of time (timescale scales slightly 

based on rate of rotation). This data is used to 

calculate the force amplitude and mean shift 

inputs to the ANSYS simulation.  

 

The nature of the cutting scenario and the 

resulting forces are obviously material dependent 

as different materials vary in hardness and cut 

at different stepovers, feed rates, and spindle 

speeds. It would be beneficial to gather as much 

material dependent data before the license 

expires, and to understand the relationship 

between different cuttings scenario parameters 

and resulting forces to hone in on an ideal 

operating regime for the machine. The process of 

manipulating the GCode file, importing it to the 

PM3D software, analyzing, exporting, naming 

properly, and then reading into Python is 

tedious, and is prone to susceptible to human 

error. The decision was made to automate the 

entire process for an arbitrary number of 

materials and cutting scenarios. For all of the 

cutting scenarios covered, data is recorded for a 

two-inch cut in the x-direction. This pass gives a 

characteristic cutting force for a particular 

cutting scenario which can be transformed to 

any direction as shown in the previous section 

by a 2D rotation matrix.  

 
Figure 31: Example of x-direction cut in PM3D. 

 

A configuration file is written, defining a 

material selection and a list of cutters, each with 

their own array of cutting scenario information. 

An object-oriented program was written to parse 

a directory for .config files and instantiate a 

material object for each .config file in the 

directory. An example of a .config is shown in 

figure 32 below. The program then parses each 

.config file, instantiating cutter objects for each 

cutter in the file as children of the material 

object. The program finally instantiates a pass 

object as a child of the cutter object for each 

defined cutting scenario in the config file. It then 

iterates over all cutting scenarios building a 

working directory for each one of the form 

material\cutter\pass. Each folder is named 

based on the properties of the objects used to 

generate them. For example, an actual directory 

is given as:  

 

 

 

 



.\Aluminum_6061_T6\1_4\RADSTEP5_SFM

1500_CL25_FLTCNT3_AXENG1 

 

Material: 

Aluminum_6061_T6 

PM3D Offset: 19 

 

1/4 Cutter (2): 

SFM: [1500, 1500] 

Flutes: 3 

Chip Load: [0.0025, 

0.0025] 

Axial Eng: [0.750, 0.750] 

Stepover: [5, 8] 

Radial Rake Angle: 10.0 

Helix Angle: 42.0 

Relief Angle: 10.0 

Corner Radius: 0.0 

Gage Length: 2.0 

Tool Length: 2.0 

Flute Length: 1.25 

Figure 32: Example cutter from .config file 

 

Then a template .nc file is opened so the 

program can modify feed rates, spindle speeds, 

and radial and axial offsets based on a particular 

pass objects parameters. This new unique .nc file 

is saved in the pass objects directory. Because 

there is no API to communicate with PM3D, a 

package called PyAutoGui (PAG) was used to 

automate routine clicks associated with the 

import of a particular .nc file, running of the 

analysis and the export of the corresponding 

output data. The process for programmatically 

controlling the software is: 

• Build a new .nc file for a unique cutter 

and pass object 

• PAG automates the clicking and passing 

of keys to: 

o Set material configurations in 

PM3D 

o Set cutting tool parameters 

o Import unique NC file 

o Configure and run the analysis 

o Export the analysis results to CSV 

files into the specific pass object 

directory 

The Python script then imports the .csv output 

data and saves the data to a dictionary as a 

property of pass object called pmData. At this 

point any combination of data analysis can be 

performed. A Butterworth filter is applied to the 

data set which produces nice periodic signals.  

 
Figure 33: Comparison of pre and post filtering 

of input signal 

 

Then plots are generated and saved in the pass 

objects directory off any metric the user deems 

important.  

 
Figure 34: Example of generated cutting force 

plot in 6061-T6 aluminum. 

The cutting force mean shifts and amplitudes are 

then programmatically detected. Recall from our 



ANSYS that a reference FRF for deformation 

was saved as a .csv file for all cutting directions. 

Additionally, a reference response for 

standardized mean shifting was also saved. The 

newly detected amplitudes and mean shifts are 

used as scaling factors for the reference 

responses. The scaled responses are all combined 

as described in the previous analysis section to 

yield a complete FRF for each cutting action 

orientation. Then these FRFs are evaluated for 

at the cutting frequency of the current pass 

object and relative amplitude responses are 

found. Then all the relevant data for the 

machine design including axis drive power, 

spindle power, directional cutting forces, MRR, 

frequency, relative displacements etc. is 

tabulated as saved to a text file in the pass 

object directory. An example of the output is 

given in figure 35. Finally, all the tables are 

accumulated into a master reference file and 

saved in the root directory of the script. 

This master reference includes all the relevant 

data about the machine and amplitude responses 

above a certain threshold are flagged. Then the 

cutting scenario and direction data can be fed 

back into the ANSYS simulation and the 

deformation shape and strains can be plotted in 

3D and informed design changes can be made 

from these results. A complete diagram of the 

entire analysis flow is given below in figure 36. 

 

 

 

 

 
Figure 35: Output of automation and OOP program including response metrics for different 

cutting scenarios in D2 tool steel 



 

 
Figure 36: A block diagram showing how a data is generated and useful information extracted

 

 

 



Conclusion: 
This intention of this project was to develop a 

workflow and analysis methodology for a 

comprehensive response, and in that, the project 

was successful. The current machine runs at 

MRRs that are competitive with real machines. 

It can feed at 800 IPM, accelerate at 1.5g, while 

taking 20% radial engagement roughing passes in 

aluminum all while deforming less than 20 

microns. A significant amount of time was spent 

just getting familiar with the MSUP analysis 

and the necessity of all the other analysis 

components. In the beginning, of the project, 

about three weeks were spent attempting to run 

the analysis using purely transient structural 

analysis. There are still project tasks to be 

completed for the future. A parametric sweep 

was only conducted for a single machine 

orientation, but there are still two other extreme 

cases that a response surface should be generated 

for. Each analysis solution takes up about 60 

gigabytes of storage, and the computers being 

used for the study at max had about 100 

gigabytes of free disk space. This means that a 

conventional ANSYS parametric study could not 

be run because there was no space to store the 

result data. Instead, the study was run manually 

by altering values and exporting data by hand. 

This is a time intensive process and as a result, 

the two other parametric sweeps have yet to be 

conducted.  

Further work is needed to be done on sizing axis 

drive servos. Additionally, the nuance features of 

the machine still need to be designed, as well as 

the HDO board molds used for casting.  
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