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4 Introduction to the laboratory and work conditions

1 The Manufacturing and Automation Laboratory in
Vancouver

1.1 The Manufacturing and Automation Laboratory (MAL)

The Manufacturing and Automation Laboratory, located 2225 Eastmall, British-
Columbia, Vancouver, Canada, is part of the University of British Columbia.
Around twenty people work there, including professors, PhD students, postdoctoral re-
searchers, engineers and interns.

The laboratory occupies premises in three buildings: High-head, Rusty hut and Kaiser
building. It actually operates two Mori-Seiki milling machines, namely a DMU 50 and a
recently acquired NXT 1000, which both support advanced machining capabilities.

Figure 1.1: Photo of the High head building

Research is conducted in the mechanics and dynamics of metal cutting operations,
spindle design and analysis, micro-machining, virtual simulation of machining operations
and CNC machine tools, design and digital control of high speed feed drives, precision
machining, sensor assisted intelligence machining and chatter stability of cutting pro-
cesses.

Different software were created by the laboratory. First, CutPro, designed for
achieving the highest possible material removal rates, extended tool life, and increased
spindle life. Then NPro, a Siemens NX CAM integrated machining optimization tool.
Last, MachPro, the most advanced process simulation and NC program optimization
software.
These technological innovations contribute to the university’s reputation and reflect the
region’s commitment to both industrial excellence and innovation.
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1.2 Vancouver
Vancouver, where many scientific advancements take place, is a multicultural city on the
west coast of Canada (see aerial photo below). It was build on a rainforest in 1886 and is
now the most crowded city in British-Columbia and the third urban area in Canada after
Toronto and Montreal.

Figure 1.2: Aerial photo of Downtown district, Vancouver from https://vancouver.ca

Next to the Rocky mountains, the options for hiking in the region are countless.
Cities north of Vancouver such as Squamish and Whistler have a worldwide reputation
for ski resorts, climbing spots and mountain biking routes, drawing athletes from all
over the world. Hence, the culture of sport is very developed in British-Columbia, even
inside Vancouver with ice hockey, soccer or baseball. Vancouver even hosted the Winter
Olympic Games in 2010, strengthening its international reputation.

Forestry is the largest industry of the city, followed by tourism. Due to a high quality
of life and a urban center surrounded nature, the attractiveness of the city is very high,
drawing fortunate people from all over the globe, sharply increasing real estate prices.
Moreover, the major film studios located in Vancouver and Burnaby have transformed
the region into one of the largest film production hubs in North America, earning the
nickname ’Hollywood North’.
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2 Work environment
During my internship, I was supervised by Nima Dabiri, engineer in mechanics, under
the official supervision of Professor Yusuf Altintas. My working hours were from 9am
to 4:30pm with a 30 minutes lunch break. The beginning and ending hours are flexible
as long as the total effective hours per week is 35. The fact of not having intermediate
breaks in the morning and afternoon was not very noticeable but represented a precious
daily gain of time.

Security and prevention is a highly important matter inside UBC (University of
British Columbia). Every on-boarding student, visitor or employee has to take prevention
courses in themes like sexual misconducts or cybersecurity basics as well as a safety
visit of the laboratory building if applicable. Safety protection equipments might also be
mandatory.

Concerning transit, the city is well deserved with a wide bus and train network. How-
ever, I made the choice of buying a bike for commuting, with a 50 minutes ride per day,
faster than the 80 minutes per day of bus transit. To travel north, busses and sea-busses
are available and give access to many trail starts. For more distant journeys, car-sharing
options are widespread and affordable.
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each corresponding to a different cutting direction. This approach enables the identifica-
tion of optimal cutting conditions that ensure both stability and high productivity across
all directions of cut.

An important point to consider is the non-linear relation between depth of cut and
width of cut. Specifically, as the width of cut decreases, the maximum admissible
depth of cut grows exponentially. This implies that keeping a small width of cut can
significantly increase productivity by allowing deeper stable cuts.

Nonetheless, at low cutting speeds, process damping can attenuate high-frequency
chatter modes. This phenomenon occurs when the relief face of the tool rubs against the
sinusoidal shaped surface left by previous vibrations of the tool. This rubbing flattens out
the high frequency oscillations, preventing their excitation.

Although the signal from FRF (Frequency Response Function) is usable, modes are
not clearly distinguishable. Modal analysis is a procedure used to clean FRF signals. The
option implemented in CutPro includes an algorithm that finds peaks that correspond to
natural frequencies. The user can select peak locations he finds relevant to consider and
the software performs a curve fitting.

To get access to stability lobes, material properties and tool geometry and dynamics
must first be defined. Uploading modal data files previously created with modal analysis
informs the software of the dynamics of the tool. To get a first insight, material can be
considered rigid. Lastly, an intuitive feed rate and a max spindle speed must be completed
in the appropriate boxes, and the cutting method must be chosen (down milling in this
study).

The choice of cutting conditions follows the general procedure defined hereafter:

1. Set radial depth of cut to a slotting value (100% of tool diameter), to be as conser-
vative as possible, with radial stability option disabled ;

2. Start the simulation and choose a stable spindle speed ;

3. Enable radial stability and enter the chosen spindle speed before running again ;

4. Fix a desired depth of cut and select a radial engagement that allows it ;

5. Enter the radial engagement value in the radial depth of cut menu, disable radial
stability and run again to verify the spindle speed.

If operations have been previously carried out in the same cutting area, stocks will
have been defined, meaning that the remaining depth and/or width to cut will be already
a simulation input. In that case, only the first step of the procedure is required.
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In roughing operations, surface finish is not important and time can be saved by opti-
mizing the feed rate. Based on the chip thinning phenomenon and given the relationship
between chip thickness h and desired feed rate c:

h = c sin(φ) sin(κR)

The optimal feed rate can be calculated from the width of cut b an the cutting edge angle
κR as follows:

c =
h

sin

(
π − arccos

(
rtool − b

rtool

))
sin(κR)

For semi-finishing and finishing operations, the desired feed rate is conserved to prioritize
a better surface finish.

The impact of feed rate on stability lobes is negligible, so it is not compulsory to
iterate the simulation based on this new feed rate value.

This process has to be performed for all tools.

2.3 Machining and observations
The machining operations were performed using the following tools:

• A 2-flute 16mm diameter flat endmill for roughing ;

• A 2-flute 10mm diameter flat endmill for walls finishing and circle-and-curvature
semi-finishings ;

• A 2-flute 12mm diameter ball endmill for circle and curvature semi-finishings and
finishings.

The machine was a 5 axis DMU 50 from Mori Seiki. The workpiece material was
aluminum alloy Al7050-T7451. Tools were mounted using HSK type holders.

Property ρ (kg/m3) E (MPa) ν
Value 2800 71700 0.3

Table 2.1: Al7050-T7451 properties
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3 Machining optimization - waterline approach

3.1 Time optimization
Machining times given by CAM software are not accurate. This is due to the fact that
software ignore machine characteristics and consider the feedrate to be as intended
for every operation during machining. In reality, machines need a certain time to
reach intended feerates depending on their acceleration and jerk characteristics. Real
machining time are thus usually greater than simulated.

Machpro is a software developed by the MAL to optimize productivity. By uploading
the CAM file, defining the material of the workpiece and the characteristics of the ma-
chine, users are able to perform improvements in the machining process. Therefore, it
is, for example, possible to optimize the process by defining a threshold on the chip load
(also named feed per tooth). When this threshold is exceeded, the chip load is reduced,
and vice versa.

Figure 2.8: Machining optimization with MachPro

After applying a threshold of 0.1mm on the chip load, the time grew from 38 minutes
before optimization up to 42 minutes after. The reason of this result is the following.
The feedrate was reduced in roughing operations and increased in finishing operations.
However, the machine could already not reach the intended feedrate, which means that
increasing it could not change anything. As a result, the machining time was increased.
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3.2 Chatter avoidance

3.2.1 Waterline approach introduction

To avoid chatter, the waterline approach can be implemented in the CAM process. This
consists of alternating roughing and finishing operations with shallow depths of cut in
order to gradually increase the stiffness of the part in the cutting zone. The main objec-
tive is to ensure that the tool is more flexible than the workpiece to better manage the
process. In fact, if the stiffness of the part is increased, its modal frequencies will also

increase, following the relation ω =

√
k

m
. If the workpiece modes are high enough, the

cutting process might predominantly excite the modes of the tool rather than those of the
workpiece.

In the waterline machining approach, the same tool must be used for all operations; in
this case, a 10mm diameter flat end mill was employed. The downside of the method is
an increase in the machining time. For this reason, a compromise must be done between
stability and productivity. A conservative approach is usually adopted to choose a depth
of cut allowing a low height-over-thickness ratio on the walls, which is not efficient.

The purpose of this study is to find the optimal ratio not only to be able to apply the
waterline approach but also to ensure improved productivity.

A solution to meet with this challenge would be to perform a complete FEA consid-
ering the real time stiffness change of the workpiece over time. Such a method would
be highly time consuming and computationally inefficient. Therefore, another approach
was adopted. First, a depth of cut is chosen based on the tool properties. Then, by using
uniform passes, FEA is performed on each waterline step to assess stability.

3.2.2 Workpiece Finite Element Analysis (FEA) and Part Tap Tests

In order to assess stability at each waterline steps, the workpiece must first be considered
flexible and its natural frequencies identified. On the tool, the FRF is constant so a tap
test is sufficient. on the workpiece however, it is not easy to tap test because the FRF
changes for different locations due to mode shapes. Getting FRFs would require to ma-
chine a pass, then tap test and reiterate, which is not practical. The solution lies in Finite
Element Analysis (FEA). An accurate model can help predict vibrations at each cutting
step, allowing a depth of cut tuning for the waterline approach. However, the structural
damping of the part is unknown and has to be identified.

Tap testing the part gives access to the part FRF on modes locations. By iterating FEA
simulations and comparing the results with experimental data, the structural damping
previously chosen can be tuned.

It is important to note that the workpiece stiffness is variable during the cut because
of the change in mass induced by chip removal. A recalculation of stability lobes and
the choice of stable cutting conditions should thus be done at every step of the cut to
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Figure 2.10: Part mesh with local refinement and spring boundaries

A free-free modal analysis then revealed the exact same results as with the springs
boundary conditions. To meet with this problematic of clamping stiffness definition, a
new boundary condition solution came into place. Using two sheet parts, defining a con-
tact between these parts and the workpiece and fixing the sheets to the ground enabled
vice clamping modelling.

Figure 2.11: Contact boundary conditions and mesh

In the normal direction of the contact, a stiffness had to be defined whereas in the
tangential direction, a friction coefficient could be chosen. The hypothesis was made that
the friction coefficient is equal to 0.3.




