
ABSTRACT

ANNAMALAI, SATTANATHAN. An Investigation of High-Speed Machining on
CNC Routers used for Upholstered Furniture Manufacturing. (Under the direction of Dr.
John. S. Stewart and Dr. Thom J. Hodgson)

Productivity gains through high-speed machining (HSM) has become a major focus

of the metal working industry.  HSM also has applications in wood machining, primarily in

operations such as upholstered furniture manufacturing where parts are cut from sheet

material.  This research considers HSM on CNC routers used in upholstered furniture

manufacturing and includes (1) a review of the state of the art for HSM on CNC routers in

wood machining (including an experimental evaluation of the performance of spindles, tool-

holders, and tools), (2) an economic analysis which helps determine the conditions under

which HSM is beneficial (including a computer program for comparing the economic aspects

of HSM to conventional machining), and (3) the refinement of an existing computer program

for predicting spindle motor power, torque, and cutting forces for HSM cutting conditions

(necessary to evaluate spindle, chuck, and tool performance). The research effort has focused

on overcoming technical problems relating to the machines, spindles, toolholders, and tools

which are currently impeding the implementation of HSM on CNC routers. Technology to

overcome these limitations has been identified, and where necessary, developed in

cooperation with spindle, toolholder, and tool manufacturers.

An effort has also been made to aid manufacturers in assessing the economic impact

HSM could have on their operation. This effort has included the development of an easy to

use HSM router economic calculation program. The results of this research are being

transferred to industry and have resulted in a better understanding of the economics of HSM

for CNC routers used in upholstered furniture manufacturing.
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1. INTRODUCTION

The quest for higher production rates has always been an integral part of

manufacturing operations.  Over the past few decades, the need for improved productivity

has become critical to the U.S. industry (and the U.S. economy) as thousands of jobs in

manufacturing are being transferred to developing countries where labor is much cheaper

and environmental and safety regulations are often more lax.

One of the means of combating this problem is improved efficiency in

manufacturing.  The use of highly automated and/or high-speed equipment has played a

major role in this effort.  One U.S. industry especially hard hit by the export of jobs is the

furniture manufacturing industry.  This industry (in the U.S.) is characterized by large,

and in many cases antiquated, manufacturing plants using relatively old, slow equipment

(Moss, A.M. 1998).  This approach is a holdover from earlier times in the U.S. when

labor was relatively inexpensive and competition was primarily from firms operating

similar facilities with similar labor rates.

To date, relatively little has been done to make furniture manufacturing more

efficient, and U.S. furniture companies have reduced costs by establishing manufacturing

facilities in countries with low labor rates.  Currently, this trend growing as evidenced by

continuing closure of furniture manufacturing facilities throughout the U.S.  The

alternative to this is improved productivity, which requires new approaches to

manufacturing.

In the U.S. furniture industry, progress has been made in improving the

productivity of manufacturing upholstered furniture components from sheet material on

high-speed CNC routers.  This initiative parallels what has been going on in segments of
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the metal working and aerospace industry for several years; and holds significant promise

for this segment of the furniture manufacturing industry.

The manufacture of upholstered furniture involves the use of components (parts),

which form the frame of the furniture (upholstered chairs, sofas, etc.).  Historically, these

parts have been produced using labor intensive operations on equipment such as band

saws, shapers, and low speed (non CNC) routers.  The modern day approach being

employed by progressive furniture manufacturers incorporates properly designed and

operated high-speed CNC routers; which can machine a variety of shaped parts from

sheet material at extremely high feed rates. These machines produce accurate parts with

adequate surface quality for the concealed parts used in upholstered furniture

manufacturing.

A high-speed CNC router designed specifically for cutting upholstered furniture

parts from sheets of plywood is shown in Figure 1.1 along with a “nest” of parts to be cut

from a plywood sheet.  The machine shown (Accu-RouterTM Series III) is designed for

high-speed and employs state of the art HSM technology (Stewart, J.S. and Reiter, W.F

1997).  The parts “nest” (also shown in Figure 1.1) was created by a computer program

(SigmaNestTM) which optimizes the part layout (orientation) on the sheet to maximize

machining efficiency and minimize material waste.
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Figure 1.1 High-speed CNC router (upper) and example of “nesting” of parts on
sheet material (lower).
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The single most important system on a high-speed CNC router is the spindle

(motor), tool-holder, and tool.  These components must work in unison to provide the

power, torque, cutting mechanics, and accuracy needed to provide satisfactory results

(allow high rpm and feed rates, provide long spindle bearing life, and produce accurate,

high quality parts).

Not surprisingly, the weak link in many machines is the spindle, tool-holder, and

tool system.  In many cases the spindle does not provide the necessary rpm or power, the

tool- holder does not provide the necessary torque or accuracy, and the tool does not

provide the durability or surface quality required for HSM.  In order for CNC routers to

move to the level of HSM needed to make substantial gains in productivity, conventional

spindle, tool-holder, and tooling designs will need to undergo significant improvement.

Much of the technology needed exists but has not been applied and adapted to the

needs of CNC routers.  In many cases the economic advantages of HSM for upholstered

furniture part manufacturing is not well understood or properly analyzed. These types of

problems impede the progress of HSM for CNC routers and are the subject of this

research.

The main objective of this research was to gain a better understanding of the

problems and limitations involved in achieving higher speeds in the manufacture of wood

parts for use in the construction of upholstered furniture.  In order to accomplish this, the

limiting factors for HSM on CNC routers were identified and investigated.
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This thesis is organized into the following chapters:

1. Background and review of the pertinent literature on HSM (Chapter 2).

2. An overview of the current status of HSM for CNC routers in furniture

manufacturing (Chapter 3).

3. The development of an economic model for comparing HSM CNC router

operations to conventional CNC router operations; including the development of a

router economic calculation (computer) program (Chapter 4).

4. The refinement of an existing computer program for determining power, torque

and forces during HSM operations on CNC routers (Chapter5).

5. A review of current spindle and chuck technology with a view toward

applications for CNC routers. (Chapter 6).

6. A review of dynamics and balance issues, along with an analysis of tool/tool-

holder critical speed vibration (Chapter 7).

7. An evaluation of spindles, chucks, and tools for HSM on CNC routers (Chapter

8).
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2. BACKGROUND AND LITERATURE REVIEW

Extensive literature on high-speed machining (HSM) is available for metal working

and aerospace applications, however, very few technical articles can be found addressing

high-speed machining on CNC router in woodworking applications. A review of the

pertinent metal working HSM literature and the limited literature relating to HSM in wood

machining is presented here.

2.1 Metal Working Applications

In metal working, HSM is often associated with high spindle speed (rpm). Although

high spindle speeds are usually required for HSM, there is much more to making a machine

“go fast” than having a high rpm spindle (Aronson, R.B. 2001). “ A coordinated effort of

machine spindle, tooling, controls and processing is required for high-speed machining. In

the right situations, however, HSM offers significant productivity advantages (Mitchell,

W.A. 1991).” One of the “right” situations appears to be aluminum machining for aerospace

applications (Field, M. et.al 1983).  Machines must be designed and equipped for high-speed

operation (Aronson, R.B 2001). This includes the controller, the machine structure (Weck,

M. 1998), the axis drives (Kraemer, J. 1995), the high-speed spindle, (Aronson, R.B. 2001)

(Popoli,W. 1998), the toolholder (Hoffmann, K 1995), and the tool (Mitchell, W.A 1991).

The spindle is the key to high-speed machining applications (Destefani, J.D. 1997)

and bearings are the most critical part of a high-speed spindle. The design of a high-speed

spindle must result in a high rotational speed, sufficient power and torque, and reasonable

load capacity and life (Popoli,W. 1998). High-speed spindle bearing design options include

roller bearings, ball bearings, hydrostatic bearings, and magnetic bearings. The most popular
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bearing type for high rotational speeds (above 30,000 rpm) is the angular contact ball bearing

system (Aronson, R.B. 1996).

Chuck (toolholder) design is also an important consideration in high-speed

machining. Toolholders for tool changer type machines (which are commonly used in HSM)

interface with both the spindle as well as the tool shank. The spindle interface is typically via

a taper held in place by a spring loaded retention system which is mounted inside the spindle

shaft (Hoffmann, K 1995). The most popular taper for HSM is becoming the HSK (hollow

shank taper) design, which combines the accuracy of a taper with the rigidity of a flange

mount (Manthey, P. 1997). The HSK toolholder / spindle interface actually improves at high-

speed due to “centrifugal clamping” (Aoyama, T. et.al 2001). There are several tool holding

systems that are used in HSM for holding the tool shank in the toolholder. These include the

traditional collet-nut system (Hoffman, E.G 1999), hydraulic systems (Aronson, R.B 1999),

hydro-mechanical systems (Destefani, J.D 2002) and heat shrink systems (Huntress, E 2001).

The traditional collet nut system relies on contraction of a collet, and is limited in torque

capacity and accuracy. The hydraulic chuck and hydro-mechanical chuck utilize high

pressure in a thin wall chamber to expand the chuck into contact with the tool shank. The

heat shrink chuck expands the chuck bore by induction heating the chuck prior to inserting

the tool shank.  When the chuck cools, the tool shank is precisely clamped in the chuck.

A limiting factor for HSM in metal working is the economics of the process. The

problem arises as a result of the non-cutting portion of the machining cycle becoming

dominant. This problem must be addressed through improvements in loading and unloading

(Field, M et.al 1983) for HSM to be viable.
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2.2 Woodworking Applications

Relatively few technical articles are available on HSM for woodworking applications.

The use of high-speed routers in machining of furniture components was the subject of a

Furniture Design and Manufacturing Magazine article (Stewart, J.S. and Reiter, W.F. 1997).

This article analyzed the effect of feed speed and rapid travel speed on processing time for a

CNC router application and indicated significant reductions in processing time with

increasing feed speed. Alternative axis drive systems were also considered in this article,

including linear motors and “spin the nut” ball screw technology which involves rotating the

nut (using a motorized nut) and holding the screw stationary to eliminate “windup” in the

screw. Finite element analysis techniques were described for purposes of designing high

rigidity/low weight moving table systems; and the pros and cons of different machine

structural designs were outlined. The importance of CNC controller speed and “look ahead”

capabilities was also discussed in this article.

The importance of avoiding spindle resonances, precision balance, and other dynamic

issues was also discussed in this article.

The conclusions reached in this article with regard to machine and spindle design and

the importance of the system approach to machine design for HSM was consistent with the

metal working literature; and stressed the necessity for high-power, high-torque spindles,

rigid, well damped machine structures, and accurate, well balanced chucks and tools.
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2.3 Economic Considerations

The economic aspects of HSM were covered in a book entitled “Furniture

Manufacturing in the New Millennium” (Susnjara, K.J. 1998) which pointed out the

importance of considering maintenance cost, set up cost, material handling cost and

inventory cost in addition to machine and labor cost. An article produced by the Accu-Router

Corporation entitled “How to Buy a CNC Router” (Herzog, T. A. 2000) provides insight into

the cost justification process for CNC routers. This article also addresses machine structural

design issues, ball screw technology, material hold-down systems, CNC controllers, and part

nesting software. The decision to purchase a HSM CNC router or a conventional CNC router

should be entered into carefully. HSM is not for everyone (Mitchell, W.A 1991).

2.4 Power Consumption for CNC Router Spindles

The primary factors influencing power consumption for wood machining operations,

include width of cut, depth of cut, spindle rotational speed (rpm), number of flutes on the

cutter, workpiece feed speed, and details of the milling process (conventional or climb

cutting).  Other factors which influence power consumption include cutter diameter, tool

edge condition, tool rake angle and type of cutting tool.  Similitude theories (Ettelt, B. 1974

and Walz, T.1990) have been shown to be useful in determining power consumption. These

methods use simple power law relationships to predict power based on known reference

values.

A master of science thesis authored by Timothy Smith entitled “An Experimental

Investigation of the Power Requirements for High-speed CNC Router Spindles” (Smith,T.G.

1996) focused on power consumption of a CNC router for various wood machining
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operations. Smith formulated mathematical relationships between the various factors

affecting power consumption based on similitude theory. The work focused on the following

parameters:

• Width of Cut
• Depth of Cut
• Feed Speed
• Spindle RPM
• Tool Sharpness
• Number of Cutter Teeth
• Milling Process (conventional or climb)
• Tool Cutting Angles (Rake and Clearance)
• Workpiece Specific Gravity
• Moisture Content of Workpiece Material
• Grain Direction

The workpiece materials used in the study included particleboard with a melamine paper

facing.  In addition to particleboard, red oak (Quercus falcate), loblolly pine (pinus taeda)

were also used in the study. Smith used a power sensor, digital computer board and data

acquisition software (Viewdac – Version 2.1) system to acquire and store power

consumption data from the CNC router spindle. Smith also monitored the idle power drawn

by the spindle before each cut. This allowed the net power to be determined.  Using the

computer data acquisition software, the power data was recorded and averaged over a time

frame based on the length of machining time for each test. The average power consumption

was used in studying the characteristics of machining parameters.

The primary variables evaluated included cutter diameter, spindle rpm, feed speed,

depth of cut, and width of cut. Feed per tooth, defined as the advancement of the workpiece

per tooth (feed speed / (rpm) * # of knives) and average chip thickness (feed/tooth * depth of

cut) / (cutter radius * angle defining chip arc length) were calculated for each cutting

condition.



11

Machine related factors that were evaluated in the study included workpiece feed

speed, spindle rpm, conventional versus climb cutting, depth of cut, and width of cut. The

range for spindle rpm considered in the study was between 5000 and 18000 rpm. The feed

speed was between 90 and 360 inches/min. The depth of cut was between 0.25 and 1.0 inches

and the width of cut for the experiments was 0.375 and 0.75 inches.

The workpiece factors considered were species, moisture content, and grain

orientation. Smith investigated the differences in power consumed between particleboard and

other materials, including medium density fiberboard, red oak, and loblolly pine.  To

simulate higher moisture content, the edge of the workpiece was soaked in water. For grain

orientation investigations, wood strips were oriented perpendicular and parallel to the

machining direction.

The cutter related factors investigated were tool diameter, rake angle, and knife

sharpness. Three cutter diameters (0.75, 2.5, and 4 inch) were considered. The conventional

20 degree rake angle and a 15 degree clearance angles were used in the experiments.

Based on the experimental work conducted and pertinent literature, Smith developed

a power prediction equation based on similitude relationships. The equation expressed the

power consumed as the product of ratios of the various parameters to an arbitrary reference

parameters (corresponding to the test conditions) raised to an experimentally determined

power (parameter/reference parameter) X. The power relationships determined by Smith for

the parameters of importance in CNC routing operations are discussed in detail in Chapter 5.
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2.5 Dynamics and Balance Issues

High-speed machining, by definition, involves a high rotational speed of the spindle.

As rotational speeds increase, centrifugal forces grow disproportionately; doubling of

rotational speed results in a quadrupling of centrifugal force. This causes a multitude of

problems ranging from unbalance (which damages bearings) to spindle shaft whirl (critical

speed resonance) which can destroy the entire spindle. Critical speed behavior is included in

the spindle design process (Popoli, W. 1998), however, the effect of chuck and tool

unbalance and chuck centering error is beyond the control of the spindle manufacturer.

Accurate tool balance (Mason, F. 2000) and chuck balance (Moak, N. 2001) are of critical

importance in HSM. Unbalance can also occur when perfectly balanced tools and chucks are

assembled, due to chuck centering inaccuracy (Morris, R 1994). In general, the least accurate

chucks are the conventional collet/nut type, while the most accurate are the hydraulic or heat

shrink designs (Huntress, E 2001). Dynamics and balance issues for high-speed spindles,

chucks, and tools are covered in detail in Chapter 7.
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3. OVERVIEW OF HIGH-SPEED MACHINING ON CNC ROUTERS
IN FURNITURE MANUFACTURING

3.1 Introduction

The woodworking industry has traditionally lagged far behind the metal working

industry in the adaptation of new technology.  One notable exception to this is wood

machining performed on high-speed CNC routing equipment.  CNC router are basically

equivalent to vertical machining centers found in the metal working industry and range

form relatively small machines to machines employing as many as eight spindles with

dual work tables up to 5 x 10 feet in size.  In recent years, feeds and speeds on CNC

routers have increased dramatically and have actually out paced advances in the metal

working industry in some instances.  One such instance is the machining of nested parts

from plywood sheet stock for use in upholstered furniture parts, boat parts, and similar

applications.  Over the past 10 years, spindle rpms have doubled and feed rates have

quadrupled on CNC routers in upholstered furniture applications.

“High speed” machining operations in the furniture industry on computer

numerical controlled (CNC) routers typically involve feed rates of 500 to 1000 ipm and

spindle speeds in the 18,000 to 20,000 rpm range. Further increases in speed are

becoming feasible with the introduction of higher rpm spindles, new axes drive systems,

improved feed and workpiece hold-down systems, and advanced control systems.

Increased speed for CNC routers holds significant promise for improved productivity in

wood and wood composite machining applications.

In order to achieve significant improvements in wood machining productivity,

machines must be produced that can take advantage of higher speed spindles (up to
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40,000 rpm), higher feed rates (achieved through advances in drive technology),

advances in numerical control capabilities, improved cutting programs with optimized

parts nests, and cutting tools optimized for high feed speeds. Machine design for high-

speed operation differs from conventional machine design in many ways. At high rapid

travel and cutting speeds, machine dynamic characteristics become critical. Key factors

such as the inertia associated with moving large weights (tables) change significantly

with speed. Spindle design, for example, is substantially more complex at speeds of

30,000 rpm and beyond than at 15,000 rpm. Dynamics issues such as tool balance and

toolholder accuracy and rigidity also become more critical as speeds are increased.

One area where the benefits of HSM are most dramatic is the production of

components for upholstered furniture, in which nested parts are cut from sheets of raw

material (such as 4’ x 8’ sheets of plywood).

3.2 Research In High-Speed Machining for Woodworking Applications

The NC State University Wood Machining & Tooling Research Program (WMTRP) is

actively involved in research on high-speed machining of wood and wood composites

and has identified a number of issues that must be addressed in pursuing high-speed

machining in upholstered furniture manufacturing.  An article, which appeared in

Furniture Design Magazine (FDM), addressed the important machine design issues

associated with HSM for CNC routers (Stewart, J.S. and Reiter, W.F. 1997).

Table 3.1 lists some of the critical factors in HSM identified in the FDM article and a

brief discussion of the more important points raised in this article follows.
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Table 3.1  Critical factors in high-speed machining.

• Axes Drive System Design and Speed Capabilities

• Machine Base Mass / Stiffness Characteristics

• Machine Structural Damping Characteristics

• Weight of Moving Components

• Workpiece Hold-Down Capabilities

• Controller Speed, Features, and Functionality

• Spindle Design, Cooling and Bearing Type/Lubrication Method

• Spindle Power, Torque, and RPM ratings

• Tool and Toolholder Design, Balance, and Accuracy

3.2.1 Axis Drive Systems (Slides)

Motion of the X, Y, and Z axes of CNC routers is traditionally provided by ball

screws and servo motors. Conventional ball screws are extremely limited in their ability

to accelerate and decelerate large masses (such as tables found on CNC routers). In

conventional ball screw systems, the ball screw nut is fixed to the moving table and the

ball screw shaft is rotated by a servomotor to provide the motion. Because of the inertia

of the table and ball screw shaft, the ball screw undergoes twist or “wind up” as power is

transmitted through the screw to the nut and table. The wind up adversely impacts the

control and stability of the motion control system and leads to lower precision curve

following and / or reduced feed speeds to achieve the desired precision. Wind up can be

reduced by increasing the diameter of the ball screw, however, the associated increase in

rotational inertia has a significant effect on the power required to accelerate and
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decelerate the screw. Modern ball screw technology can provide linear speeds for CNC

router tables up to approximately 2000 inches per minute by using high precision lead

screws in conjunction with sophisticated controls.

An alternative to the traditional ball screw is the “spin the nut” technology. In this

design, a motor is integrated into the ball screw nut. The motor/nut is fixed to the moving

element (table) and as the motor armature rotates on the non-rotating ball screw, motion

is imparted to the table. The “spin the nut” drive system approach eliminates much of the

wind up problem associated with conventional ball screws and facilitates linear speeds up

to about 5000 ipm. The linear acceleration provided through ball screw technology is

typically limited to less than 1 g (1g = 32.2 ft/sec2). Since it is acceleration that ultimately

limits the achievable cutting speeds for programs involving small parts, this limitation

becomes extremely important in many applications. A relatively new technology

involving linear motor drive devices with no rotating parts is expected to provide a means

to further increase feed speeds in the future.  Advantages provided by linear motor

technology include; reduction in number of moving parts, high acceleration capability,

high velocity capability, high stiffness, and unlimited travel. These systems are currently

being used in high-speed metal machining centers and laser cutting systems.

3.2.2 Control Systems

Control systems and control system software must be compatible with high-speed

operation. An important factor is servo cycle time; the time required for a system to

detect location is and issue a command for the next move. The cycle time is critical in the

operation of high-speed systems, since between cycles, the machine is essentially out of

control. For example, if the servo cycle is 10 milliseconds (100 cycles per second) and
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the machine is operated at 1500 ipm, the machine is “out of control” over about ¼”inch

of travel. If attempting to machine a curve or circle at 1500 ipm, the machine would

follow the circle or curve in straight lines of about ¼” inch creating a very poor

geometry. In order to produce parts on a CNC router at high-speeds with high precision,

the control system must be able to compensate for servo cycle times. One feature used to

aid in dealing with this problem is referred to as “look ahead”. This feature allows the

control to look ahead at the NC code to determine if any “abrupt” changes in direction are

imminent. The look ahead feature in a controller will detect abrupt changes in direction

and will either slow the machine down or add additional points to the NC program in the

vicinity of the abrupt change. In either case, the machine will follow the contour more

closely. Currently, off the shelf controllers have servo cycle times in the order of 2

milliseconds (500 cycles per second). As speeds continue to increase, faster servo cycle

times and geometry improvement control features such as “look ahead” will be of

primary importance.

3.2.3 High-Speed Spindles

One of the key components of a high-speed machining center is the spindle

assembly, which rotates the tool. Due to space and speed capability considerations, most

high-speed spindles of the type used on modern CNC routers are motorized units, in

which the spindle shaft and motor are integrated into a single package. Many CNC router

spindles are not properly designed for high-speed operation and exhibit high bearing

failure rates resulting from high loads, plunge cutting, dust contamination, excessive heat,

and excessive vibration.  High-speed spindles (over 20,000 rpm) require high precision

manufacturing tolerances, special bearings and bearing lubrication, and effective bearing
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/ rotor cooling provisions. For high-speed operation, the spindle rotor / bearing system

must be dynamically stable (no critical speed or resonant behavior in the operational rpm

range) and be balanced to high precision. Dust contamination and heat problems must

also be addressed in the spindle design process by using appropriate seals, air purge

systems, and proper lubrication and cooling techniques. Bearing loading considerations,

including requirements relating to heat expansion and plunge routing, are also an

important part of the spindle design process. Computer programs are useful in helping

avoiding critical (resonant) speeds, selecting bearings, determining resulting bearing

loading, and establishing required manufacturing tolerances. At very high rpm (30,000

and above) spindle cooling becomes critical for motorized spindle designs and provision

for thermal growth of the shaft must be carefully designed into the spindle bearing

housing to prevent excessive axial loading of the bearings at elevated temperature.

3.2.4 Chucks

The interface between the tool, chuck and spindle shaft is often a limiting factor

in achieving high-speed machining on CNC router machines. Lack of accuracy and

rigidity at this interface can cause a multitude of problems; including high noise levels,

and tool vibration / chatter which can affect surface quality, damage spindle bearings, and

accelerate tool wear. In order to overcome these problems, modern high-speed machining

centers employ special, precision chuck designs. One such design is the hydraulic chuck,

which provides rigid and accurate coupling of the tool shank to the chuck or spindle

shaft. Recently introduced heat shrink systems for high-power metal machining

applications provide exceptional rigidity between the tool shank and tool chuck. HSK
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type connections provide face as well as taper contact between the chuck and the spindle

to improve rigidity.

3.2.5 Tools

Selection of the proper tool for high-speed machining applications is also of

critical importance. Like chucking systems, there is tremendous variation in the quality of

tools depending on the manufacturer. Tool accuracy, balance, and cutting edge quality,

strength, and sharpness are among the factors that have a dramatic impact on the ability

to machine at high-speed. Tool geometry for CNC router applications varies greatly and

includes straight flute cutters, helical cutters, helical compression cutters (consisting of

both right and left hand helical cutting edges) and chip-breaker type cutters designed for

roughing cuts. Many tooling problems result from vibration caused by accuracy problems

associated with tools, chucks, and other removable components, which are typically

beyond the control of the machine or spindle manufacturer.

3.2.6 Balance Issues

For heavy tools and tool changer type chucks, centering error between the tool

and chuck and chuck and spindle is a major source of unbalance problems; resulting in

poor surface quality, poor tool life, and premature bearing failure. Tool unbalance,

resulting from manufacturing errors, is also often responsible for high vibration levels.

Since vibratory forces increase with the square of rpm, a given amount of tool or chuck

unbalance at 30,000 rpm produces 4 times more vibration than at 15,000 rpm. The higher

vibration levels associated with high-speed spindle operation can be offset to some

degree by massive, well damped spindle housings, however, precision tools and chucking
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systems are an absolute necessity for successful high-speed spindle operation. Only

precision tolerance, precision balanced tooling and chucks should be considered for use

on high-speed spindles. In the area of high-speed machining, attempts to save money by

purchasing low quality tooling components are clearly counterproductive.

3.2.7 Conclusions

All of the elements of the CNC router must be matched to provide optimum

conditions for high-speed machining. It is of no value to place a 30,000 rpm spindle on a

machine that cannot provide a controlled feed rate sufficient to maintain constant tooth

loading. Significant gains in productivity are possible for many applications through the

use of high-speed CNC routers, however, nearly every key component of a conventional

CNC router must be redesigned to achieve satisfactory high-speed performance.
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4. ECONOMIC ASSESSMENT OF HIGH-SPEED MACHINING

4.1 Introduction

The prime motivation for pursuing high-speed machining (HSM) technology in any

manufacturing operation is achieving higher production speeds.  In the furniture industry, the

primary area where high-speed machining technology is being pursued is the manufacture of

upholstered furniture parts.  These parts are typically made from plywood sheet material and

are machined to relatively close tolerances.  The surface quality requirements for these parts

is not critical since the parts are concealed, however, the machining process must provide a

surface free of rough edges or burrs that could interfere with component assembly.

Computer controlled (CNC) routers (vertical machining centers for wood processing) have

become the machine of choice for manufacturing upholstered furniture parts due to the wide

variety of parts that can be produced and, when the machine and manufacturing operation are

optimized, the potential for extremely high production rates are good.

CNC router technology has progressed significantly in recent years and some

machines are now capable of extremely high feed rates as well as high-speed loading and

unloading of sheet material. These machine employ high-speed, high-power cutter spindles,

high-speed drive systems (linear motors, motorized ball screw nut, etc.), low weight-high

rigidity tables, advanced controllers capable of “look ahead” cornering, and often employ

software programs which optimize the nesting of components for improved material usage

and machining efficiency.  HSM can result in fewer machines, fewer operators, and much

more efficient operation. High-speed, high- power machines are typically more expensive to

purchase than conventional machines and the justification of these machines requires a

detailed understanding of the machine capability and how the machine will be used.
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This understanding requires a knowledge of the feed rates and rapid travel rates

which can be achieved by the machine, the number of sheets of material that can be

processed simultaneously, and the time required for loading and unloading sheet material.  In

addition to assessing machine capabilities, it is important to make an accurate assessment of

the volume of parts that will be required.  The higher expense of a machine capable of HSM

may not be warranted unless the machine is utilized to the extent anticipated.

In order to pursue HSM, a number of machine performance factors must be addressed

simultaneously; including spindle motor power and torque, feed drive system capabilities,

and controller capabilities.  One of the more difficult machine features to assess is the

capability of the machine spindle, which holds and rotates the cutting tool.  As feed speeds

and number of sheets cut simultaneously increase, the power and torque requirements placed

on the spindle rise dramatically.  In order to determine the machine feed rate capabilities that

can be achieved for a particular application, it is necessary to compare the machine

specifications to the power and torque required for the application.  The power/torque

specifications for high- speed spindles are provided by the machine manufacturer, however,

little information is available on the power and torque required to cut a particular part.  This

issue, along with the related issues of tool and tool chuck design for HSM, are addressed in

this thesis via the development of a computer program which determines the power and

torque requirements for machining stacked plywood sheets based on readily available

machine operating data.  This program is described in Chapter 5.
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Once the production capabilities of a high-speed, high-power machine is established,

economic decisions can be made based on machine cost, machine utilization, labor and

maintenance costs, and a knowledge of the outsourcing part pricing.  In order to facilitate

these comparisons, a computer program was developed in this study which provides

assistance in making a meaningful comparison of operating high-speed equipment to (a)

operating low speed equipment, and (b) outsourcing parts.

The following sections describe the router economics calculation computer program

developed to aid in assessing the economic impact of HSM in the manufacture of upholstered

furniture components.

4.2 Router Economics Calculation (REC) Program

The basic idea behind the Router Economics Calculation (REC) program is to provide

a simple method for assessing improvements that may occur for a particular machining

operation through the adoption of high-speed machining technology (as compared to

conventional CNC router technology).  The REC program utilizes LabviewTM software for

input and output data and requires a basic knowledge of the machine capabilities as well as a

basic knowledge of the typical types of parts that will be machined and the anticipated annual

production requirements.  The LabviewTM program code is attached in Appendix1.

4.2.1 REC Program Input

The REC program uses input data on machine cost, machine operating cost (tools,

maintenance, power, etc.), labor costs, machine feed speed capability, machine load/unload

cycle times, and typical geometry to calculate the parts per shift that can be manufactured
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and the cost incurred per part for a given (high-speed or conventional) machine.  The

program also estimates the cost of purchasing the same part from an outside source

(outsourcing), based on typical machine shop hourly rates and production capabilities.  The

REC input screen (shown in Figure 4.1) allows for simultaneous inputs for a conventional

speed machine and a high-speed machine to facilitate comparisons.

Figure 4.1 Input screen of the Router Economic Calculation program.

The terminology for the input screen is as follows:

Conventional CNC Router: This refers to single or twin table CNC routers with maximum

feed rates less than 1000 inches per minute (in/min) with manual loading and unloading of

parts.
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High-speed CNC Router: This refers to high-speed, high-power machines with spindle

rpms of 18,000 or higher, capable of feed speeds well in excess of 1000 inches per minute

(in/min).

Machining Feed Speed: This is the rate at which the tool moves through the material being

cut (in/min).  The default values are based on typical industrial machine performance,

however, the user can enter specific feed rates via the input box.  The maximum feed speed

can be determined from “experience” or calculated from machine performance data using the

router performance computer program (see Chapter 5).

Rapid Travel Speed: This is the rate at which the tool traverses (x-y direction) before

entering into the cut (in/min). The default values are typical and the user can input values via

the input box.

Load /Unload Time (chip to chip time): This is the time taken from the end of one cutting

cycle to the start of the next cutting cycle, expressed in minutes. It includes removing the

finished parts (and scrap material) from the current cycle and loading the raw sheet material

to be cut for the next machining cycle. This corresponds to the elapsed time between the last

time the cutter touches the material and the first time the cutter touches the material in the

next consecutive machining cycle (chip to chip time).  Default times for different types of

machine table configurations are shown in Table 4.1 and the load/unload time can also be

input via the input box.
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Table 4.1 “Chip to Chip” (load/unload) times for several machine configurations

Machine Configuration No.of Operators Loading Time (min)
Conventional Machine with Single Table 1 2
Conventional Machine with Dual Table 2 1
High-Speed Machine with Single Table 2 1
High-Speed Machine with Dual Table 2 1
High Speed Machine with Single (auto load)

Table
2 0.5

Number of Shifts per Year: This refers to the approximate number of eight hour shifts the

machine will be operated over the course of a one-year period.  This is used to calculate the

machine cost per shift (based on a typical yearly lease rate), which is part of the overall

machine cost per shift calculation.  The default value is 250 shifts (1 shift/day, 5 days/week,

50 weeks/year) and the user can input values via the input box.

Number of Operators: This refers to the number of operators required to run the machine

on a regular basis during a single shift. This does not include set up personnel. The default

values are typical and the user can input values via the input box.

Machine Cost: This is the purchase price of the machine (US dollars). The default values are

typical and the user can input values via the input box.

Machine Cost Per Shift: This is the cost per shift the machine is operated and is based on

the yearly lease cost of the machine and the number of shifts per year the machine is

operated.  The default value for this is the lease cost of the machine (US dollars) for one year

(taken as $240/year per $1000 of machine cost) divided by the number of shifts per year the

machine is operated. The default values are typical and the user can input values via the input

box.
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Power Cost Per Shift: This refers to the average electrical power cost incurred during an

eight hour shift. The default values are typical and the user can input values via the input

box.

Tool Cost Per Shift: This refers to the total cost of tooling for the machine incurred during

an eight hour shift. The default values are typical and the user can input values via the input

box.

Maintenance Cost Per Shift: This refers to the cost incurred per shift to maintain the

machine. This includes the cost incurred to pay the maintenance personnel, cost of repairs,

spare parts inventory, etc. The default values are typical and the user can input values via the

input box.

Raw Material Cost Per Sheet: This refers to the cost of one sheet of raw material used to

make parts. The default values are typical and the user can input values via the input box.

Labor Cost Per Shift: This is defined as the product of number of operators times the hourly

rate for each operator times the number of hours an operator works per shift.  The default

value for fully burdened labor rate (including all fringe benefits, etc.) is $35/hour for each

operator.  The specific labor rate per shift can be entered via the input box.

Number of Sheets per Load:  This is the number of sheets of material that will be processed

simultaneously (stacked together when machined).

Number of Parts Per Sheet: This is the number of parts that can be produced from a sheet

of raw material for the job of interest.  If a variety of parts are produced, then the average

number of parts produced from a sheet should be entered in this field.
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Average Perimeter of Part: This is the average perimeter (in inches) of the part mix entered

in the “Number of Parts per Sheet” field above.

4.2.2 REC Program Output

The program output screen, shown in Figure 4.2, compares the number of parts

produced per shift and the cost per part for the conventional machine and the high-speed

machine.

Figure 4.2 Output screen of the Router Economic Calculation program.

This screen also indicates the fair market (outsourcing) cost of the part based on typical

machine shop hourly rates.  A help screen for determining fair market value (Figure 4.3) is

included in the program, and the user may also input a known fair market value by using the

input box.  The cost comparison includes the calculated advantage (if any) of using a high-
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speed machine (for the particular application) as opposed to using a conventional machine or

outsourcing the parts.  Breakeven points (number of parts required per shift) for each case are

also calculated.

The terminology for the REC output screen is as follows:

Parts Produced Per Shift: This is the number of parts produced in an 8 hour shift for the

given set of input conditions.  If several different parts are produced from a sheet, this value

is the total number of parts per sheet times the number of sheets run in a shift.

Cost Per Part: This is the cost per part (US dollars) resulting from operation of the machine

under the input conditions. If different parts are produced in a single cycle, then this value

indicates the average cost of the parts produced.

Fair Market Value of Part: This indicates the calculated market value of outsourcing a

given part from a job shop.  The default value is calculated using an assumed hourly machine

shop rate of $200/hour and an assumed number of parts/hour corresponding to a feed rate of

1000 inches per minute (two sheets per load and a load/unload time of 1 minute).  A help

screen is available to assist in calculating this value (Figure 4.3) and a known value can be

entered via the input box.

Figure 4.3 Help screen for fair market value of part.
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The REC program output screen shown in Figure 4.2 also provides estimates of the

“Cost Advantage of Manufacturing Part vs. Buying Part” in terms of cost per part for (a)

running the parts on a high-speed machine as compared to outsourcing; and (b) running the

parts on a conventional machine as compared to out sourcing.  The screen also provides

information on the breakeven number of parts that must be run for the high-speed machine

vs. the conventional machine and the high-speed machine vs outsourcing.

The results provided by the REC program indicate tremendous advantages are

possible using high-speed machining.   This is true provided the high volume of parts are

needed and will continue to be needed for the term of the lease.  The results are quite

sensitive to the basic assumptions made in the development of the program.  The most

important assumption in the REC involves the cost per shift of the machine.  The machine

cost per shift is based on a one year lease of the machine at a rate of $240 per year for every

$1000 of machine cost (the lease cost for a $100,000 machine is $24,000 per year).  The

machine cost per shift used in the program is this cost divided by the number of shifts per

year the machine is operated.  The input machine usage data governs the number of parts that

will be produced, and must be representative of the machine usage over the intended duration

of the lease. Other assumptions that can significantly affect the REC program results include

average size of the parts (HSM benefits increase with larger part size), number of sheets that

are processed (stacked) per cycle, and load/unload times.
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4.3 Method of Calculation for REC Program

Machine Cost Per Shift = Machine Cost * (Lease rate per year per $1000 of machine cost) /

number of shifts worked per year

A help screen for machine cost per shift is shown in Figure 4.4

Figure 4.4 Help screen for machine cost per shift.

Labor Cost Per 8 Hour Shift:  =  Labor cost per operator per hour * 8 hours per shift *

number of operators per shift.  The default labor cost is $35 per hour which is based on

typical industry data.

 Parts Produced Per 8 Hour Shift:  = Efficiency factor * parts per sheet * number of sheets

per cycle * 8 hours/shift /(total time per cutting cycle (hours/cycle)), where

Total time per cutting cycle (hours/cycle) = (perimeter of part (inches/part) * number

of parts per sheet)/(feed rate (in/min)*60(min/hour))  + (total rapid travel distance

(inches)/(rapid travel rate (in/min)*60 min/hour) + load/unload time per cycle (hours/cycle).

Note: The total rapid travel distance is a function of the part perimeter and how the parts are

“nested” on the sheet.  It has been determined through simulation calculations that the total

rapid travel distance (in inches) for a typical (4’ x 8’) sheet of material can be estimated as 10

times the perimeter of the average part.
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Cost per Part = (raw material cost per sheet/number of parts per sheet) + (machine cost per

shift + maintenance cost per shift  + power cost per shift  + tool cost per shift + labor cost per

shift)/(parts produced per shift)

Fair Market Value Calculation: This is the calculated market value for outsourcing the part

based on current job shop rates and production practices.  A known fair market value of a

part can also be entered in input box.

Fair Market Value of Part = machine hour rate ($/hour) * time to machine a part (hours) +

material cost per part

The time to machine a part is calculated based on the feed speed, rapid speed, loading and

unloading time, and average perimeter of part (see figure 4.3).

Cost Advantage (compared to outsourcing) for High-Speed CNC Router:

Cost Advantage = (number of parts produced for high-speed CNC router) * (fair market

value of the part – cost per part for high-speed CNC router)

Cost Advantage (compared to outsourcing) for Conventional CNC Router:

Cost Advantage  = (number of parts produced for conventional CNC router) * (fair market

value of the part – cost per part for conventional CNC router)

Breakeven Point for High-Speed Router vs. Conventional Router:

This represents the number of parts that must be produced by the high-speed CNC router for

the cost per part for high-speed and conventional routers to be equal.

Breakeven Point Calculation:

Cost per part (high-speed machine) = cost per part (conventional machine)
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Breakeven Volume (high-speed machine) per shift = Total cost per shift (high-speed

machine) / (cost per part (conventional machine)).

Breakeven Point for High-Speed CNC Router vs. Outsourcing:  This represents the

minimum number of parts that must be produced by the high-speed CNC router for the cost

per part to equal the Fair Market Value of the part.  The calculation is analogous to the

calculation above.

4.4 Running the REC Program

All the necessary applications to run the software are contained on a CD ROM. The

software requires a WindowsTM based operating system.

System Requirements

Computer: WindowsTM based PC (Windows NT, 95,98,2000, xP)

Memory Required:  2MB of hard disk space

Step-by-Step Installation Guidelines

Step 1.  The CD contains four files. All of these files are required to run this software. Open

the file named ivrt.msi.  This will install the LabView TM RunTime Engine.

Step 2. Next install the software. Open the file named economiccalculator.exe. This will

complete the installation for this software.

Note: Before using the program, the user must set the Labview program to the  RUN
mode. This is done by clicking the run icon on the icon bar at the upper left portion of
the Labview TM screen.
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4.5 REC Program Examples

Examples of REC program runs for simple circles of different diameter cut from

sheets of plywood on conventional and high-speed CNC routers are included in Appendix 2.

The information provided by the REC program for the examples in Appendix 2 includes:

• Parts produced per shift using conventional CNC router

• Parts produced per shift using high-speed CNC router

• Cost per part when using conventional CNC router

• Cost per part when using high-speed CNC router

• Fair market value of part

• Cost advantage in using high-speed CNC router (compared to outsourcing)

• Cost advantage in using conventional CNC router (compared to outsourcing)

The results indicate that the economic advantages are sensitive to the following parameters:

• Perimeter of parts

• Feed rate

• Load/unload time (table configuration).

• Sheets machined per cutting cycle.

The economic picture is not sensitive to machine cost for a fully utilized machine.

These same conclusions are shown graphically in Figures 4.5, 4.6, and 4.7.  In these

figures, additional program runs (as described in Table 4.2) were used to generate data to

create plots showing the sensitivity of cost per part to machine cost and table configuration

(Figures 4.5 and 4.6).  The effect of table configuration on parts produced per shift as a

function of feed rate is shown in Figure 4.7.
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Table 4.2 Cutting conditions for analysis of machine cost and table configuration

Part Details

Diameter of Part 12 inches

Average Perimeter of Part 36 inches

Raw Material Cost per Sheet $10

Number of Parts per Sheet 32

Number of Sheets per Load 2

Operational Details

Number of Shifts per Day 1

Number of Days per Week 5

Number of Operators 2

Labor Cost per Operator $35 / hour

Power Cost per Shift $40

Tool Cost per Shift $40

Maintenance Cost per Shift $40

Machine Details

Machine Load/Unload Time 1 min

Feed Speed 1000 in/min.
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Figure 4.5 Effect of machine cost on cost per part for full machine utilization (14,700
parts per shift ) and less than full utilization (see Table 4.2).

Figure 4.6 Effect load/unload time on cost per part for various feed rates (1 full shift).
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Figure 4.7 Effect of load/unload time on parts per shift for various feed rates (1 full
shift) (see Table 4.2).

4.6 Special Example: NCSU Plywood Rocking Chair

To validate the results of the REC program, tests were conducted on a “knock down”

design rocking chair and ottoman (figure 4.8) designed by students in the NCSU Wood

Machining & Tooling Research Program. The chair and ottoman part set was nested on a

single sheet of ¾ inch thick plywood using MasterCamTM software. Table 4.3 shows the

different parts involved in making the rocking chair/ottoman and the corresponding part

perimeter.
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Table 4.3 Cut list for NCSU rocking chair

Part Description Total Quantity per
Chair

Perimeter per Part
(inches)

Total Perimeter
(inches)

Side Support 2 ea. 160 320
Back Seat 1 ea. 90 90
Front Seat 1 ea. 90 90
Struts 4 ea. 50 200
Arm 2 ea. 40 80
Cross Bar 2 ea. 34 68
Ottoman
Top 1 ea. 52 52
Side Supports 2 ea. 50 100
Cross Bar 2 ea. 36 72
Total Parts 17 ea. 1252
Average Perimeter per
Part (inches) 74

The manufacturing time for the rocking chair/ottoman for conventional and high- speed

routers was computed using the REC program. The input parameters and output results for

the REC program are presented in Tables 4.4 and 4.5 respectively.  In this example, the high-

speed router produces nearly 4 times more parts per shift than the conventional router at a

35% lower cost per part. The overall economic benefit of high-speed machining (vs.

conventional machining) for the rocking chair/ottoman (assuming large quantities of parts are

required) is nearly $1800 per shift.

Table 4.4 Input parameters for NCSU rocking chair

Input Parameter Conventional CNC
Machine

High Speed CNC
Machine

Machining Feed Speed 300 in/min. 1000 in/min.
Rapid Travel Speed 1000 in/min. 2000 in/min.
Load / Unload Time 2 min 0.5 min

Machine Cost $100,000 $300,000
Machine Cost per Day $65.75 $197.26
Power Cost per Shift $20 $40
Tool Cost per Shift $20 $40

Maintenance Cost per Shift $20 $40
Raw Material Cost per Sheet $10 $10

No. of Sheets per Load 1 2
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Table 4.5 Results of Router Economic Calculation Program (REC) for rocking chair.

Output Parameter Conventional CNC Router High Speed CNC Router
Parts Produced per Shift 1071 4039
Cost per Part $1.23 $0.81
Cost Advantage Compared to Outsourcing $31 per shift $1826 per shift
Cost per Chair $20.91 $13.77

The computed run time for the high-speed machine was compared to the actual run

time required for running the parts on the NCSU Wood Machining Laboratory high-speed

CNC router.  The run time calculated by the REC program (based on equivalent perimeter)

was approximately 2 minutes.  The actual laboratory measured run time on the machine was

approximately 2.3 minutes. Several other time comparisons between the REC program

results and actual run times on the machine have indicated prediction errors in cycle time of

10% or less.

     Figure 4.8: WMTRP Rocking Chair.
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4.7 Additional Uses of the REC Program

The REC program can be used to evaluate the effect of factors ranging from raw

material cost to electrical energy cost on the manufacturing costs.  Some of the more useful

comparison are listed below:

• Effect of machine cost on part cost

• Effect of table configuration on parts cost

• Effect of tool cost on part cost

• Effect of feed speed on part cost

• Effect of rapid travel speed on part cost

• Effect of labor cost on part cost

• Effect of maintenance cost on part cost

• Effect of raw material cost on part cost

• Effect of load/unload time on part cost

• Effect of number of sheets cut per cycle on part cost
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5.  PREDICTING POWER, TORQUE AND FORCE REQUIREMENTS
FOR HIGH-SPEED, HIGH-POWER APPLICATIONS ON CNC
ROUTERS

5.1 Introduction

High-speed machining (HSM) has become synonymous with increased productivity

in the metal, wood, plastics, and composites processing industries.  The definition of high-

speed machining varies with the specific application; however, the typical characteristics

involve a high rate of material removal (as compared to conventional machining), which is

usually accompanied by special machine design features.  The increased power and

machining speed requirements have necessitated the development of high rpm, high-power

machine tool spindles (motors) to rotate the cutting tool; as well as low weight, high rigidity,

high-speed, high-power workpiece material positioning and feed systems. One of the first

steps in analyzing an HSM scenario is the determination of power and torque requirements

for the spindle/chuck/tool system.  Inadequate spindle power, chuck torque capability, and/or

tool design often limits HSM.  The machining scenario of interest is high-speed routing of

furniture parts from sheet material. Figure 5.1 shows the spindle motor, tool chuck, and tool

entering into a parting (buried) cut in the workpiece (tool separates sheet into two parts).  In

this figure, a cutting tool is being used to perform peripheral milling with the cutter rotation

opposing the direction of feed (conventional cutting).  The cutting force (Fc) is shown in this

figure (resolved into x and y machine axis components) along with the axial force (Fz), which

results from the use of a helical tool.  The tool shown in Figure 5.1 is a low helix angle up

spiral tool (used to facilitate chip removal).
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Figure 5.1.  Illustration of spindle/tool/workpiece for high-speed CNC router (vertical
machining center) in parting (buried) cut .

The force required to cut the workpiece material produces a torque applied to the tool

(and tool holding system), which must be overcome by the spindle motor.  The component of

force resisting rotation of the spindle is known as the cutting force (Fc) and is related to

torque (T), mechanical power consumption of the spindle (Pm), angular velocity (ω) of the

tool (proportional to rpm (n) and tool diameter (D) through the basic physics formulation:

Pm = T * ω Eqn 5.1

where the torque (T) is in-lbf  and ω = 2 π * n /60.
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In the case of a cutter having N teeth, the arc length of tool engagement (ϕ) can be

included in Equation 5.1 to account for the instantaneous nature of the milling process as:

Pm = 
2*360

**** DNFc ωϕ        Eqn 5.2

Accounting for unit conversions the horsepower can be expressed as:

HP =   
000,33

**2 nTπ    =
000,33

360
*****2 ϕπ NnrFc

Eqn 5.3

where T is in in-lbf, Fc is in lbf, tool radius r, is in inches, and 1 HP = 6602.64 in-lbf/sec.

The cutting force Fc which produces torque on the tool, chuck, and spindle motor consists of

only in-plane x and y force components. Vertical (axial) components (Fz) are not considered

in this simple equation, however, a portion of the Fz forces may ultimately be resolved into

Fx and Fy components via bearing supports, etc.  Although axial forces do not produce torque

on the shaft directly, these forces are important in the loading of spindle bearings and affect

the stresses acting on the tool/chuck system.

The electrical power requirements for the spindle motor always exceed the

mechanical power requirements for cutting, due to motor inefficiency (primarily due to heat

losses).  The electrical power(Pe) for a three phase (delta connected) motor is calculated from

voltage (V) and current (I) draw, and the electrical phase lag (cosф) between voltage and

current according to Equation 5.4.

Pe = V*I *cosф    Eqn 5.4
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The term cosф is often referred to as the power factor and approaches unity as the

motor approaches full load conditions (the measurement of voltage and/or current alone is

not representative of motor power consumption).

The relationship between electrical power draw and mechanical power available for a

spindle motor is usually expressed in terms of an efficiency factor(η) as

Pm = Pe* η Eqn 5.5

The evaluation of spindle motor performance is usually performed by the spindle

motor manufacturer using dynamometer measurement equipment (used to load the spindle)

to determine the spindle horsepower/torque output as a function of rpm. Spindle motor

performance is discussed in more detail in Chapter 6.

In order to pursue high-speed machining, various machining scenarios must be

evaluated; which requires information on the power and torque requirements for the specific

cutting conditions of interest; as well as data on the spindle power and torque capabilities.

The requirements for metal cutting operations has been researched heavily; and several

methods for estimating power and torque for specific operating conditions are routinely

utilized.  These methods typically utilize volumetric material removal rates and/or specific

cutting energy techniques (Armarego, E.J.A., and R.H. Brown 1969).  More sophisticated

methods are used to calculate cutting force data and involve parameters such as average chip

thickness, depth of cut, width of cut, feed per tooth, etc.  Finite element computer programs

are also used to estimate cutting forces and power in metalworking.  In many cases, these

approaches involve the use of various constants and exponents, which often must be

determined experimentally.  The procedures for estimating power, forces, and torque

requirements for wood cutting are similar to metalworking, however, far less research has
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been done and far less information is available. The most useful analyses for wood

machining are the so called “similitude” approaches, which utilize simple exponential ratios

to predict power consumption as referenced to known (measured) conditions.  (Walz, T.

1990) and (Ettelt, B. 1974) used this approach to estimate power consumption in wood

machining to arrive at the following formula for peripheral milling:

Pc = 0.0001 * Kc0.5 * r * n * 
SbNn

aVvabN
**

****
360

*ϕ Eqn 5.6

where cutting power Pc is related to cutter radius r, spindle speed n, number of cutting teeth

N, arc length of tool engagement ϕ, specific cutting energy Kc0.5, milling width b, milling

depth a, feed speed Vv, and chip arc length Sb.
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Equation 5.6 can be used in conjunction with the chip thickness (hm) to determine the

cutting force (Fc) as shown in Equation 5.7.

Fc = Kc*0.5*b* hm Eqn 5.7

The Kc 0.5  “factor” (specific cutting energy) is a constant related to the force per unit cross

sectional area required to cut the chip, and varies with wood species, moisture content, grain

orientation, rake angle, tool sharpness, etc.

Unfortunately, the Kc0.5 factor requires experimental data for each type of machining

operation, which requires almost as much effort as direct experimental evaluation of power.

Due to the complexity and need for experimental data, these approaches have not found

widespread use in wood machining applications.  In view of this problem, the development

of an easy to use power, torque, and force prediction method has been a major priority of the

NC State University Wood Machining & Tooling Research Program.

5.2 Power, Torque, and Force Prediction Model Development

The similitude methods of (Walz, T. 1990) and (Ettelt, B. 1974) discussed in Section

5.1 were used in research at the NC State University Wood Machining & Tooling Research

Program as a basis for developing a computer model for predicting spindle motor power for

CNC router applications.  Earlier work on power consumption for CNC routers was reported

by Timothy Smith in a master of science thesis entitled “ An Experimental Investigation of

the Power Requirements for High-Speed CNC Router Spindles” (Smith, T.G.1996).  This

work focused on the power consumed during the peripheral milling process, as illustrated in

Figure 5.2.
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Figure 5.2 Illustration of peripheral milling process (Armarego, E.J.A., and R.H.
Brown 1969).

5.2.1 Power Consumption Considerations

In the work by Smith, relationships to estimate the influence of each machining factor on

power consumption were developed in which each equation takes the form:

Power = (reference power). (Parameter value / reference parameter)x      Eqn 5.8

where,

reference power = the power consumed during a known reference cutting process,

parameter value = the ‘new” value of the parameter of interest, and

reference parameter value = the parameter value used in the reference case.

An example of this is the effect of width of cut, which is expected to be linearly related to

power consumption (exponent (x) in Equation 5.8 = unity) based on “work done” principles

(i.e. twice the cutting width is expected to require twice the power).  For this case, if the
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power consumed for a 1 inch width of cut is 10 horsepower (HP), then the power consumed

for a 2 inch width of cut would be 10 HP * (2/1)1 = 20 HP.

The work by Smith on power consumption for low speed CNC routing operations

provided the starting point for the current high-speed, high-power machining investigation.

The effect of the various parameters involved in the peripheral milling of wood was

investigated by Smith for low speed machining (less than 300 in/min feed rates) and were

found to generally follow power law relationships of the type described by Walz and Etlett.

Work by Smith (Smith, T.G.1996) indicated that the main factors influencing power

consumption during routing include the width of cut, depth of cut, spindle rotation speed

(rpm), number of flutes (cutting teeth) on the tool, workpiece feed speed, the direction of the

milling process (climb or conventional cut), cutter diameter, tool edge condition, tool rake

(cutting) angle, tool geometry (straight flute or helical), workpiece species, workpiece

specific gravity, workpiece moisture content, wood grain orientation, etc.  Table 5.1 lists the

important power related parameters and Figure 5.3 shows the generally accepted trends for

several of the more important machining parameters.
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Table 5.1.  Important parameters affecting power consumption during the peripheral
milling process

Machining Factors Cutting Tool Factors Work Material Factors

• Width of Cut

• Feed Speed

• Depth of cut

• Spindle rpm

• Blind/Buried Cut

• Cutting Direction

• Tool Diameter

• Number of Flutes

• Rake Angle

• Helix Angle

• Tool Nose (dullness)

• Material Class

• Specific Gravity

• Grain Orientation

• Moisture Content

Figure 5.3 Typical increase in power with parameter value for selected wood machining
parameters (Smith, T.J. 1996).

For high-speed machining of wood on CNC routers, a computer model for predicting

forces, torques and power based on the work by Smith has been developed by researchers

working in the NC State University Wood Machining & Tooling Research Program.
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This computer program requires only input of typically known information relating to

the cutting process and the workpiece.   The first calculation the program performs is the

total average power consumed; calculated via the power law approach discussed in Section

5.1.  The program predicts the average power consumed in a CNC router cutting operation

from a power law type equation involving the most important parameters (as listed in Table

5.1) as shown in Equation 5.9.

P =  Pref * (width of cut/width of cutref) a * (feed speed /feed speedref) b * depth of

cut/depth of cutref) c * (spindle rpm/spindle rpmref) d * (tool diameter/tool diameterref) e

* (no. of flutes/no. of flutesref) f * (rake angle /rake angleref) g  *  (tool sharpness/tool

sharpnessref)h * (specific gravity/specific gravityref) i * (moisture content/moisture

contentref) j    * (buried cut multiplier) * (blind cut multiplier) * (grain direction

multiplier)             Eqn 5.9

In Equation 5.9 the important parameters (as determined by Smith) are expressed in terms of

ratios of the parameter of interest to a reference value of the parameter, raised to the

appropriate power (power law exponents a,b,c …, etc.).  The reference parameter values as

selected by Smith are arbitrary and correspond to a typical low speed routing operation.  The

reference parameter values used by Smith are shown in Table 5.2.  In the initial development

of the computer program, an attempt was made to define “universal” exponents based on

previous work on power consumption as reported in the literature and simple physical

principles involving work and energy.  The exponents used in the original version based on

the work by Smith are shown in Table 5.3.
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Table 5.2 Reference parameter values for use in power prediction equation for
conventional routing operations (Smith, T.J. 1996).

Reference Parameter Reference Value
Reference Power 2 HP
Workpiece Material Particleboard
Specific Gravity 0.77
Tool Diameter 2.5 inches / 0.75 inches
Number of Cutter Knives (flutes) 1
Spindle Rotational Speed 18000 rpm
Width of Cut 0.75 inches
Depth of Cut 0.25 inches
Feed Speed 360 in/min
Rake Angle 20 degrees
Tool Sharpness 85 µm
Workpiece Moisture Content 6.4 %
Milling Process Conventional Cutting

Table 5.3 Power exponents used in power prediction equation (Equation 5.9) for
conventional routing operations (Smith, T.J. 1996).

Parameter (power law exponents) Exponent
Width of Cut 1
Depth of Cut 0.90
Feed Speed 0.50
Spindle Rotational Speed 0.50
Tool Diameter 0.25
Number of Cutting Flutes 0.50
Rake Angle -0.11
Tool Sharpness 0.20
Workpiece Moisture Content 0.30
Workpiece Specific Gravity 1
Parameter (power multipliers) Multiplier
If Buried Cut 1.39
If Cross Grain (Hardwood/Softwood) 1.82/1.50
If Blind Cut 1.25

The exponents and multipliers shown in Table 5.3 have been found to be reasonably

accurate for conventional low speed routing operations (for non-buried) cuts. While the

earlier versions of the program using the exponents shown in Table 5.3 were reasonably

accurate for relatively low speed-low power machining (less than 500 in/min), these
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exponents are not suitable for predicting horsepower and torque requirements for HSM

operations using small diameter tools in buried (parting) cut applications.  This is due to a

variety of factors, including changes in the workpiece/tool interactions (chip formation and

chip exhaust) as feed speeds and feed per tooth values become extremely large.  It is also

suspected, based on metal machining research (Armarego, E.J.A., and R.H. Brown 1969),

that the interaction between the parameters (the parameters are assumed to be independent in

the power law formulation of Equation 5.9) becomes significant as feed speeds increase.  The

simple volumetric material removal power laws used in metal working (Armarego, E.J.A.,

and R.H. Brown 1969) are not applicable to wood machining due to the different chip

formation regimes and the “split ahead” phenomena which occurs in wood machining.

Although a clear understanding of the complex interactions between the tool and workpiece

and the interaction between parameters at high feed rates would have been beneficial to this

study, the details of the chip removal process during high-speed machining was beyond the

scope of this work.  Fortunately, the design of CNC routers and the nature of cutting parts

from sheets of plywood does not involve large variations in most of the machining

parameters.  As a result, it was possible to fine tune selected exponents used in earlier

versions of the program.  This was done via a series of experiments conducted on key

parameters known to be affected by high-speeds.  The details of the experimental evaluation

of key exponents and the modifications to the power equation (Equation 5.9) are discussed in

detail in Section 5.3.

 5.2.2 Force and Torque Prediction

The average values of cutting force and torque can be determined directly from

Equation 5.7, however, since the peripheral milling process involves intermittent cutting, the
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peak forces, torques, and power (and the time distribution of these peak values) throughout

the cutting cycle are also of interest from a spindle, chuck, and tool design standpoint.  The

peak values of power, torque, and cutting forces are included in the prediction program via a

finite element analysis (FEA) computer program (Strenkowski, J.S. 1985) developed for

calculating instantaneous cutting forces for peripheral milling in metal working applications.

This software was adapted to allow input of average power (calculated by equation 5.9) as a

basis for determining average and instantaneous power, force, and torque information.  The

finite element program calculates cutting forces during peripheral milling by partitioning the

teeth engaged in the cut into a discrete number of axial elements and analyses the

instantaneous geometry of each engaged tooth, as shown in Figure 5.4. This figure shows the

instantaneous geometry of a routing operation for a tooth orientation θ, and the force

components for the jth element on the ith tooth. For a nonzero helix angle, each axial element

can be treated as an oblique cutting process (see Figure 5.5), in which λ is the helix angle,

and Fx, Fy, and Fz are the force components. Note that for a router cutter with straight flutes,

the helix angle is zero and the axial force component (Fz) due to peripheral milling is zero.

In the finite element analysis (FEA) computer program, the average power as

determined from the router power program is inserted into the FEA equations for

determining average power from the integration of the power at each θij for a complete

revolution of the cutter.  Since the power is directly proportional to the edge and cutting force

intensities, the force intensities can be determined, and the router cutting forces can be

calculated for a specific routing operation and workpiece.
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Figure 5.4: Instantaneous cutter geometry during tooth engagement (Armarego, E.J.A.,
and R.H. Brown 1969).

Figure 5.5: Force components in an oblique cutting operation (Armarego, E.J.A., and
R.H. Brown 1969).
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 The average power calculated by the prediction program, as well as all subsequent

calculations, is based on the total electrical power draw by a typical motorized spindle

operating under specific cutting conditions, with the idling power (power required to run the

spindle at the reference rpm under no load conditions) subtracted out.  The actual average

mechanical power consumed by the cutting process is always less than the electrical power

due to spindle motor inefficiency.

5.3. Experimental Work

The experimental portion of this research was conducted in the NC State University

Wood Machining & Tooling Program laboratory.  The machine utilized for the research was

an Accu-RouterTM Series III high velocity CNC vertical machining center; designed

specifically for high-speed manufacturing of upholstered furniture components from

plywood sheets. At the time of this research, this machine is believed to be the fastest

machine in existence for machining upholstered furniture parts from plywood sheets.  The

machine, shown in Figure 5.6, is equipped with two high-speed spindle motors (rated at

20,000 rpm and 30,000 rpm) and a sophisticated material hold down system involving hold

down rolls as well as a high capacity vacuum hold down system (required to maintain control

of the parts under high cutting forces associated with high-speed machining).

The Accu-Router machine is equipped with a state of the art controller and state of

the art axis drive systems capable of providing feed speeds in excess of 2000 inches per

minute.  In production situations, the machine is equipped with a high-speed shuttle table

system for rapid loading and unloading of material (an important component in any high-

speed machining scenario).
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A: Dual spindle high-speed CNC router.

Note:  The CNC router shown in this figure is equipped with two oil mist lubricated, liquid cooled,
spindles, a high-speed drive system utilizing “spin the nut” screw technology, a low weight/high
rigidity table, a “state of the art” controller with advanced “look ahead” software, and a high
performance combination roller/vacuum parts hold-down system.  The machine can process two
sheets of ¾ inch thick plywood simultaneously at feed rates up to 1500 inches per minute.

B: Sheet feed system for high-speed CNC router.

Note:  The equipment shown in this figure is a fully automatic panel load/unload system for high-
speed CNC routers.  The system removes processed panels and loads a spoil board with sheet(s) of
material (up to two sheets) in approximately 30 seconds.

Figure 5.6: Accu-RouterTM Series III CNC router (A) and automatic sheet load/unload
system (B).
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5.3.1 Power Measurements

 The experimental work conducted over the course of this research was aimed at the

refinement of the power prediction exponents to adapt the existing computer program for use

in high-speed buried (parting) cutting conditions in use in the manufacture of upholstered

furniture components.   The measurements consisted primarily of electrical power

consumption measurements made by attaching a Load Controls™ power transducer in the

electrical supply line to the spindles (between the spindle motor and frequency inverter).

Average force, torque, and power are related qualities (Eqn 5.1), hence knowledge of any one

of these parameters can be used to determine the other two.  Since average electrical power

consumption (Eqn 5.4) is the most easily measured (and information is generally available on

electrical power consumption), electrical power was selected for experimental evaluation

during the machining process.  Electrical power consumption is related to the mechanical

power consumed by the cutting process through an efficiency factor (Eqn 5.5) as discussed in

Section 5.1.   The Load Controls™ transducer, shown in Figure 5.7, measures current and

voltage for each leg of the 440-volt circuit and produces a voltage proportional to the

instantaneous power consumption.  The signal from the Load ControlsTM transducer was

processed using a LabviewTM software package configured to display a trace of the power

consumption vs. time history over selectable time intervals. The average power consumption

was determined from data points collected during tool engagement with the workpiece.

Three repetitions were run for each case and the results were averaged. The LabviewTM

display of power vs. time for a typical cut is shown in Figure 5.8.  Instrument calibration was

via comparison of the measured power to the power consumed by known reference cutting

conditions developed in previous power related research (Smith, T.J. 1996).
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Figure 5.7: Load ControlsTM (440V, 3 phase) power measurement instrument.

Figure 5.8:  LabviewTM  display of time history for spindle power during cutting.

Tool enters
the cut Tool leaves

the cut
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5.3.2 Force Measurements

Additional experimental work was conducted over the course of this research to

experimentally verify the results provided by the finite element analysis program prediction

of instantaneous cutting forces and torque requirements (important considerations in spindle

design and selection).  These experiments are discussed in Section 5.6 (comparison of

experimental and predicted results). The experiments were performed using a 3-axis table-top

dynamometer manufactured by KistlerTM Corporation.  The table-top dynamometer is shown

in Figure 5.9 and the dynamometer signal display for instantaneous force (shown in Figure

5.10) was done via LabviewTM  The dynamometer (KistlerTM model 9257A) is capable of real

time measurement of cutting forces in three perpendicular directions.  Cutting tests on the

dynamometer were limited by practical issues involving feeds and speeds as well as the

natural frequency response of the dynamometer. As shown in Figure 5.9, the workpiece is

attached directly to the top of the dynamometer table and the cutting action is performed by

traversing the router spindle across the workpiece.  Calibration of the table-top dynamometer

was provided by KistlerTM.

Figure 5.9 KistlerTM Dynamometer used for measuring cutting forces.

Z-

Y-

X-
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Figure 5.10 Force-time history as measured by KistlerTM table top dynamometer.
(signal band pass filter = 500 Hz to 1000 Hz)

5.3.3 Experimental Determination of Power Equation Exponents

As discussed in Section 5.2, the computer model relies heavily on experimental data

to determine the exponents for use in calculating power and the resulting forces and torques

(average and instantaneous). In theory, the exponents used in the power law equation could

be derived from simple work/energy physical principles; provided the effect of the various

parameters does not change with feed speed and the interaction between parameters is

negligible.  Since neither of these assumptions is valid for high-speed machining, the

exponents expected from simple physical principles have had to be modified to account for

changes in the basic cutting phenomena and parameter interaction effects associated with

HSM involving buried (parting) cuts.
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The experimental work focused on the high-speed/buried cut  behavior of the most

important power related parameters (feed rate, spindle rpm, width of cut, depth of cut) and

the most important aspects of the tool (diameter, number of flutes, helix angle, edge

sharpness).  Machining parameters of less importance and/or parameters which have been

shown to be insensitive to high-speed/buried cut applications (as determined in previous

research) such as rake angle, climb vs. conventional cut, workpiece related parameters (type

of plywood, moisture content, etc.) were not evaluated in this study.

The experimental evaluation was performed by comparing the power consumption of

a reference cut (for typical high-speed buried cut machining conditions) to the power

consumption with a specific parameter varied (over a range of feed speeds and rpms).  For

these experiments, the effect of width of cut, tool sharpness, buried cut depth/tool diameter,

and tool helix angle was evaluated at three spindle rpms (10,000, 15,000, and 18,000) and

five feed speeds (250, 500, 1000, 1500, and 2000 inches per minute); as shown in Table 5.4.
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Table 5.4. Cutting conditions for reference case.

Reference Parameter Reference Value
Spindle Rotational Speed 10,000 15,000 and 18,000 rpm
Feed Speed 250, 500,1000,1500 and 2000 in/min
Width of Cut 0.5 inches
Depth of Cut Buried Cut
Tool Diameter 0.5 inches
Tool Helix Angle 10 Degrees
Number of Flutes 3
Tool Sharpness 25 µm
Tool Material Solid Carbide
Tool Rake Angle 20 Degrees
Workpiece Material Plywood
Moisture Content 5%
Type of Cutting Process Conventional Cutting

Figures 5.11 through 5.15 show the effect of varying selected parameters (believed to

be affected by buried cuts) on power consumption for the cutting case shown in Table 5.4 .

These experiments formed the basis for fine-tuning selected exponents for buried cuts with

helical tools (typical of upholstered furniture manufacturing applications).

The actual exponents used in the power law equations were determined from the

average of the exponents for each family of curves.   Examples of the method of

determination of exponents for several key parameters are shown in Figure 5.16 through

Figure 5.19.
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Figure 5.11: Measured cutting power for different depth of cuts (buried) at 10,000 rpm
(upper), 15,000 rpm (middle), and 18,000 rpm (lower).
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Figure 5.12: Measured cutting power for different width of cuts at 10,000 rpm (upper),
15,000 rpm (middle), and 18,000 rpm (lower).
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Figure 5.13: Measured cutting power for different number of flutes at 10,000 rpm
(upper), 15,000 rpm (middle), and 18,000 rpm (lower).
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Figure 5.14: Measured cutting power for different helix angles at 10,000 rpm (upper),
15,000 rpm (middle), and 18,000 rpm (lower).
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Figure 5.15: Measured cutting power for different tool sharpness at 10,000 rpm
(upper), 15,000 rpm (middle), and 18,000 rpm (lower).
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Figure 5.16: Determination of power law exponent (0.6845) for buried cut depth @
18000 rpm and feed speed = 1000 in/min (note: for buried (parting) cuts, depth of cut
varies directly with tool diameter)

Figure 5.17: Determination of power law exponent (0.7748) for feed speed @ 18000
rpm.
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Figure 5.18: Determination of power law exponent (0.5438) for spindle speed @ feed
speed = 500 in/min.

Figure 5.19: Determination of power law exponent (0.9719) for width of cut @ 18,000
rpm and feed speed = 1000 in/min.
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 Table 5.5:  Modifications to power exponents for high-speed machining power
predictions.

Parameter High Speed
Exponent

Width of Cut 0.97
Depth of Cut 0.90 or (0.43 if buried cut)
Feed Speed 0.77
Spindle Rotational Speed 0.54
Tool Diameter 0.25
Number of Cutting Flutes 0.50
Rake Angle -0.11
Tool Sharpness 0.20
Workpiece Moisture Content 0.30
Workpiece Specific Gravity 1
Parameter (power multipliers) Multiplier
If Helix Angle (λ) 1 + (0.15 * λ/45)
If Blind Cut 1.25

The exponents for high-speed machining that were extracted from these experiments

(shown in Table 5.5) are sufficiently accurate over the range of feeds and speeds and feeds

per tooth of interest in upholstered part manufacturing to predict power, torque and force for

both conventional and high-speed routing of parts from sheet material.  Table 5.5 also shows

power multipliers used in the power prediction equation (Eqn 5.9) to account for cross grain

cutting and blind (notch) cutting, however, these multipliers do not usually apply to

machining of plywood parts for upholstered furniture.



71

The following observations are made from Table 5.5:

 The effect of width of cut on power is shown in Figures 5.12 for the reference cutting

conditions shown in Table 5.4.  The best fit power law exponent for width of cut

(Figure 5.19) is approximately 0.97, which is nearly the same as Smiths exponent of

1.0 (this is the expected result based on simple work principles).

 The best fit power law exponent for rpm (Figure 5.18) is approximately 0.54, which

is fairly close to Smiths exponent of 0.4 (this is expected to vary since spindle motors

power/torque curves vary to some degree, as discussed in Chapter 6).

 The best fit power law exponent for feed speed (Figure 5.17) is approximately 0.77,

which is somewhat higher than Smiths exponent of 0.5 (this is probably due to the

limitations on feed speed (350 in/min) for Smiths experimental data).

 The effect of buried cut depth is shown in Figure 5.11 for the reference cutting

conditions shown in Table 5.4.  The effect of depth of cut and tool diameter are

interrelated for buried (parting) cuts, since the depth of cut must be equal to the tool

diameter.  The effect of depth of cut and tool diameter has been combined into a

modified depth of cut exponent for buried cuts (while retaining the original tool

diameter exponent of 0.2 for non-buried cuts).  The best fit depth of cut exponent for

buried (parting) cuts (Figure 5.16) is 0.68.

 The best fit power law exponent for number of flutes for buried cuts, based on the

limited test data available, is 0.50; the same as Smiths exponent.

 The best fit power law exponent for tool sharpness for buried cuts using helical tools,

(based on the limited test data available), is 0.20: the same as Smiths exponent.
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5.4.  Computer Program for Calculating Power Consumption

The power calculation equation (Equation 5.9) and the finite element analysis

program for determining instantaneous power, torque, and forces were combined into a

visual basic computer program consisting of an input section for entering the machining and

tooling conditions and an output section which indicates the average power consumption and

related information on feed per tooth and gullet loading for chip removal calculations, etc.

Appropriate warnings as to gullet overloading, excessive tool forces, and poor surface quality

(based on feed per tooth) are also included.  A second screen provides plots of instantaneous

power, torque, and cutting force components.  The program also provides a run optimization

screen, which provides various operational options based on suggested feed per tooth values

for roughing and finishing cuts.  The nomenclature screen is shown in Figure 5.20.

Definitions of input and output terms are provided in Section 5.4.1 and the program inputs

and outputs are discussed in Sections 5.4.2 and 5.4 3.

5.4.1 Definitions   

Spindle Speed: This is the rpm that the spindle carrying the tool rotates while cutting the
workpiece, and is proportional to the angular velocity of the spindle shaft. The normal
working range for spindle speed is 3000 to 30000 rpm.

Maximum Spindle Speed: This is the maximum rpm that the machine
spindle is rated for.

Feed Speed: This is the feed rate at which cutting occurs, expressed in inches per minute
(in/min). The normal working range for feed speed in high-speed machining is 500 to 2000
(in/min).

Maximum Feed Speed: This is the maximum feed speed the machine is capable of,
expressed in in/min.
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Depth of Cut: This is the depth (d) to which the tool is inserted in the workpiece during the
cut, expressed in inches (in).  For a buried cut, the depth of cut is always equal to the tool
diameter. Caution: This terminology is typically used for peripheral milling and is not
consistent with common CNC router terminology (see Figure 5.20).

Width of Cut: Width of cut (w) is a measure of the material in contact with the cutting tool
in a direction parallel to the axis of rotation of the cutting tool, expressed in inches.

Cutter Diameter: This is the diameter (Dc) of the cutting tool used in the cutting process,
expressed in inches. For contoured tools, the average diameter should be used.

Number of Teeth: This is the total number of cutting teeth or flutes (N) on the cutting tool.

Flute Length: This is the length (le) of the cutting edge along the axis of the tool, expressed
in inches.

Tool Projection: This is the total length of the cutting tool projecting out of the
spindle/chuck (l), expressed in inches.

 Shank Diameter: This is the diameter (Ds) of the cutting tool shank, expressed in inches.

Tool Sharpness:  This is a measure of the sharpness of the cutting edge of the cutting tool,
measured in microns of nose width (Sheikh-Ahmad, J.Y., et.al. 1999). A 10 micron nose
width or less is considered sharp (new) and a tool nose width exceeding 50 microns is
generally considered to be too dull to operate.

Tool Material: The software requires that the tool shank material be specified from the
following materials: solid carbide, high-speed steel, or alloy steel (for brazed and insert
tools).

Helix Angle:  This refers to the helical or spiral cutting edges on a tool (typically a solid
carbide tool), defined in terms of the pitch (lead) and diameter (D) as λ = tan-1(π*D/lead).
Typical helix angles run from 10 (“loose” helix) to 30 (tight helix).

Rake Angle:  This is the angle (α) formed by a line parallel to the cutting face of a tooth and
a line connecting the tooth tip and the centerline (axis of rotation) of the tool.

Blind Cut: This corresponds to a slot being cut in the workpiece, ie. the cutting tool does not
cut through bottom surface of the material being cut.

Buried Cut: This corresponds to a parting cut in the material, ie. the tool is surrounded by
the workpiece during the cut.
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Feed Per Tooth: This is the distance that the workpiece travels per tooth engagement
expressed in inches/tooth.  The feed per tooth (fpt) can be calculated by: (feed rate
in/min)/(spindle rpm * number of cutting teeth).

Cutting Power: This is the net power consumed in the machining process, expressed in
horsepower (HP). (1 HP = 6602.64 in-lbf /second = 0.7457 kilowatts (kW)).

Idle Power: This is the power consumed by the spindle when the machine is idling,
expressed in horsepower (HP).

Total Power: This is the sum of the power required to cut the workpiece plus the spindle idle
power (at the specified rpm), expressed in horsepower (HP).

Rated Power: This is the power produced by the spindle at maximum rpm. This is generally
provided by the machine tool manufacturer, expressed in horsepower (HP).

Available Power: This is the net available power of the spindle at the rpm used for the
machining process, expressed in horsepower (HP).

Workpiece Material: The software requires that the workpiece material be specified from
the following materials: particleboard, medium density fiberboard (MDF), solid softwood,
solid hardwood, and plywood.

Gullet Loading (%):  The degree to which the gullet area of the tool is loaded with chips
during the cutting process.  A 100% loaded gullet corresponds to the condition under which
the available tool gullet volume is 1/3 full based on the solid wood volume of the chip.

Cutting Forces: The force and reaction force exerted on the workpiece and cutting tool
during the cutting process in three mutually perpendicular directions (xyz), expressed in
pounds force (lbf). (1 lbf  = 4.448 Newton)

Conventional Cutting Process: This is also called power cutting and is the case where the
tool rotates in the opposite direction (sense) as the workpiece feed direction.

Climb Cutting Process: In this case the tool rotates in the same direction as the workpiece
feed direction.

Torque: Torque is defined as the product of force and the radius of the cutting tool,
expressed in inch-pounds force (in-lbf).  (1 in-lbf  = 0.1129 Newton-meter)



75

 Figure 5.20 Router performance guide nomenclature screen.
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5.4.2. Program Inputs

The cutting conditions are defined using the inputs screen. The required inputs are

categorized as follows:

• Tool Specification

• Workpiece Specification

• Cutting Conditions

The input areas of the main screen are shown in Figure 5.21 and discussed below.

Tool specification input

The tool specifications are described by inputting the parameters used in the cutting process.

Cutter Diameter (inches)               Shank Diameter
Helix Angle (degrees)                   Flute Length (inches)
Radial Rake Angle                        Tool Projection
Number of Teeth                           Tool Material

Cutting conditions input

The cutting conditions are described by inputting the parameters used in the cutting process.

Depth of Cut (inches)                                         Max. Available Spindle Speed
Width of Cut (inches)                                         Max. Available Feed Speed
Spindle Speed (rpm)                                           Blind/Burried Cut
Feed Speed (ipm)                                                ipm = inches per minute
Rated Power (HP)                                               Idling Power (HP)

Workpiece specification input

The workpiece specifications are described by inputting the following parameters.

• Workpiece Material
• Moisture Content (%)
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Figure 5.21:  Input section for the router performance guide.

In the example shown in Figure 5.21, the following input data was used.

Cutter Diameter 0.5 inches
Shank Diameter 0.5 inches
Helix Angle 20 deg
Radial Rake Angle 20 deg
Flute Length 1.75 inches
Tool Projection 2.25 inches
Number of Teeth 3 (three flute cutter)
Tool Dullness 25 microns
Tool Material Solid Carbide
Depth of Cut - 0.5 inches (note: depth of cut is equal to the tool diameter)
Width of Cut - 0.75 inches
Spindle Speed - 18000 rpm
Max.Avail. Spindle Speed 30000 rpm
Feed Speed - 1000 ipm
Max. Available Feed Speed 3000 ipm
Blind Cut - No
Workpiece Material - Plywood
Moisture Content - 10%

Input Tool
Specifications here.

Input Workpiece Specifications
here

Input Cutting
Conditions here
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5.4.3. Program Outputs

The following are the important outputs from the software:

• Average Cutting Power
• Average Total Power
• Gullet Loading (%)

The output areas of the main screen are shown in Figure 5.22 and discussed below.

Figure 5.22 Output section for the router performance guide.

Figure 5.22 shows the first output screen from the software. The outputs from this

screen are the Cutting Power, Total Power, and Gullet Loading.  In order to obtain this output

the following steps must be executed.

First Step: Input the cutting conditions, tool specifications, workpiece specification and if

necessary, indicate whether the cut is blind and/or buried.

Outputs are shown here
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Second Step: Press the “Calculate” button. The software now indicates the cutting power,

total power and gullet loading for the given set of cutting parameters, cutting tool

specifications, and workpiece specifications.

Example Results:

The Cutting Power in this example is 5.58 horsepower

The Total Power is 6.68 horsepower

The Gullet Loading for the cutting tool is 46.30%

Note: The Idle Power in this case is 1 horsepower at 18000 rpm.

The screen shown in Figure 5.23 shows plots for cutting forces, power and torque as a

function of the cutter orientation. Cutting forces are predicted in the three mutually

perpendicular directions (x,y, and z).

Figure 5.23 Output results for peak forces, power, and torque for example of Figure
5.22.



80

In Figure 5.23, the cutting force in x direction varies between 0 and 40 lbf, the cutting force

in y direction varies between 45 and 80 lbf and the cutting force in z direction is constant at

35 lbf.  It is noted that in this case the peak force in x and y direction are out of phase by

approximately 90 degrees.  In this case, the power is almost constant at 5.5 HP and the torque

is also nearly constant at 20in- lbf.

Note: The program does not allow the user to change the parameters in the output screen.

5.4.4. Saving the Results

The cutting conditions simulated and the outputs can be stored to an .rpg file for future

reference by clicking on the file bar and following the steps below:

Step I: Develop a scenario of interest. (Do not press calculate)

Step II: Click the file field in the menu bar

Step III: Select save in the file sub menu.

Step IV: Create a file name and path to store the input file. The extension of the file will be

.rpg . For example, if the input file is stored as “cutterinput”, then the input file will be stored

as “cutterinput.rpg”

The stored input file can be opened using file menu and open the input file from the

desired location. This will input the different parameters to the corresponding locations in the

input screen.  The calculate command will give the results for the saved file.

5.4.5 Printing the Output

The various screens can be printed by:

Method I: Pressing the command button “Print”
Method II: Select print from the File Menu.
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5.4.6 Installation of Program

The CD-ROM contains all the necessary applications to run the software.

Step-by-Step guide to install the software

Note: A Windows TM based operating system is required to install this software.

Step 1. Insert the CD in the appropriate drive.

The CD will start the installation procedure automatically.

If the installation does not begin, use the start up menu to run the setup.exe file

 located in the CD drive. (D: or E: drive)

The program takes less than 4MB of disk space and defaults to the following location C:

Program Files/ CNC Router Tooling Performance Guide/.

Step 2.  Click the button showing “Click the button below to install the software in the

specified directory”. This will install the software and after successful installation, a prompt

window will pop up displaying a message saying, “CNC Router Tooling Performance Guide

has been successfully installed”.

5.4.7. System Requirements

Computer: Windows TM based PCs (Windows NT, 95,98,2000, xP)

Memory Required: 4MB of hard disk space
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5.5 Example of Use of the Program

As an example of the use of the program, the performance requirements for a high-

speed spindle, chuck, and tool for different cutting scenarios will be examined for a HSM

capable machine.  The surface quality requirement is “rough finish” allowing a maximum

feed per tooth of 0.03 inches (consistent with upholstered furniture part requirements for use

with a properly designed 10 degrees helix up spiral (chip-breaker) cutter in medium sharp (30

micron nose width) condition).

To illustrate the program capabilities, several cutting scenarios will be considered for

cutting furniture parts from plywood sheets at a feed speed of 1500 in/min (cutting 2 sheets

of 0.75 inch thick plywood =1.5 inch total cutting width) to demonstrate the effect of several

important parameters on the required power and torque.

Table 5.6 shows the reference cutting conditions (Case 1) along with the cutting

conditions for a rpm experiment (Case 2), a feed speed experiment (Case 3), a width of cut

experiment (Case 4), a buried cut depth (tool diameter/depth of cut) experiment (Case 5), a

number of teeth experiment (Case 6), a helical tool experiment (Case 7), and a tool sharpness

experiment (Case 8).
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Table 5.6: Cutting conditions for test cases

Case 1 (ref) Case 2
Spindle rpm 20,000 Spindle rpm 30,000
Feed Speed 1000 in/min Feed Speed 1000 in/min
Cutter Diameter 0.5 in Cutter Diameter 0.5 in
Helix Angle 10 Degrees Helix Angle 10 deg
Number of Teeth 3 Number of Teeth 3
Depth of Cut 0.5 in (buried) Depth of Cut 0.5 in (buried)
Width of Cut 1 in Width of Cut 1 in
Rake Angle 20 deg Rake Angle 20 deg
Tool Material Solid carbide Tool Material Solid carbide
Workpiece Material Plywood Workpiece Material Plywood
Moisture Content 5% Moisture Content 5%
Tool Nose Sharpness 25 µm Tool Nose Sharpness 25 µm

Case 3 Case 4
Spindle rpm 20,000 Spindle rpm 20,000
Feed Speed 2000 in/min Feed Speed 1000 in/min
Cutter Diameter 0.5 in Cutter Diameter 0.5 in
Helix Angle 10 deg Helix Angle 10 deg
Number of Teeth 3 Number of Teeth 3
Depth of Cut 0.5 in (buried) Depth of Cut 0.5 in (buried)
Width of Cut 1 in Width of Cut 1.5 in
Rake Angle 20 deg Rake Angle 20 deg
Tool Material Solid carbide Tool Material Solid carbide
Workpiece Material Plywood Workpiece Material Plywood
Moisture Content 5% Moisture Content 5%
Tool Nose Sharpness 25 µm Tool Nose Sharpness 25 µm

Case 5 Case 6
Spindle rpm 20,000 Spindle rpm 20,000
Feed Speed 1000 in/min Feed Speed 1000 in/min
Cutter Diameter 0.375 in Cutter Diameter 0.5 in
Helix Angle 10 deg Helix Angle 10 deg
Number of Teeth 3 Number of Teeth 2
Depth of Cut 0.375 in (buried) Depth of Cut 0.5 in (buried)
Width of Cut 1 in Width of Cut 1 in
Rake Angle 20 deg Rake Angle 20 deg
Tool Material Solid carbide Tool Material Solid carbide
Workpiece Material Plywood Workpiece Material Plywood
Moisture Content 5% Moisture Content 5%
Tool Nose Sharpness 25 µm Tool Nose Sharpness 25 µm

Case 7 Case 8
Spindle rpm 20,000 Spindle rpm 20,000
Feed Speed 1000 in/min Feed Speed 1000 in/min
Cutter Diameter 0.5 in Cutter Diameter 0.5 in
Helix Angle 0 deg Helix Angle 10 deg
Number of Teeth 3 Number of Teeth 3
Depth of Cut 0.5 in (buried) Depth of Cut 0.5 in (buried)
Width of Cut 1 in Width of Cut 1 in
Rake Angle 20 deg Rake Angle 20 deg
Tool Material Solid carbide Tool Material Solid carbide
Workpiece Material Plywood Workpiece Material Plywood
Moisture Content 5% Moisture Content 5%
Tool Nose Sharpness 25 µm Tool Nose Sharpness 50 µm



84

Figure 5.24 shows the results for the reference case (Case 1).  The reference case is

seen to produce 41.67 % gullet loading, 0.017 (inches) feed per tooth, and requires 10.05

average HP and 28 in- lbf average torque.

The results for the first comparison case considered (Case 2) are shown in Figure

5.25.  This case compares a typical cutting scenario for spindle operation at 30,000 rpm to

the reference value of 20,000 rpm.  The results show that while the average power consumed

for 30,000 rpm is higher, the gullet loading (27.78 % vs. 41.67 %) and feed per tooth (0.011

vs. 0.017 inches) is considerably less.  It is observed that a spindle/chuck/tool system capable

of producing 12.74 HP and 25 in- lbf torque is required for operation at 30,000 rpm as

compared to a spindle/chuck/tool system capable of producing 10.05 HP and 28 in- lbf torque

for operation at 20,000 rpm.

The results for the second comparison case considered (Case 1 vs. Case 3) are shown

in Figure 5.26.  This case compares a typical cutting scenario for a feed speed of 2000 in/min

to the reference value of 1,000 in/min.  The results show that the average power consumed

for 2000 in/min is higher, along with the gullet loading (83.34 % vs. 41.67 %) and feed per

tooth (0.033 vs. 0.017 inches).  It is observed that a spindle/chuck/tool system capable of

producing 14.69HP and 42 in- lbf torque is required for operation at 2,000 rpm as compared

to a spindle/chuck/tool system capable of producing 10.05 HP and 28 in- lbf torque for

operation at 1,000 in/min.

The results for the third comparison case considered (Case 4) are shown in Figure

5.27.  This case compares a typical cutting scenario for a width of cut of 1.5 inches to the

reference value of 1inch.  The results show that the average power consumed for the 1.5 inch

cut is higher.  It is observed that a spindle/chuck/tool system capable of producing 14.01HP
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and 40 in- lbf torque is required for operation at the 1.5 inch width of cut as compared to a

spindle/chuck/tool system capable of producing 10.05 HP and 28 in- lbf torque for the 1 inch

width of cut case.

The results for the fourth comparison case considered (Case 5) are shown in Figure

5.28.  This case compares a typical cutting scenario for a buried cut depth (tool diameter =

depth of cut = 0.375 inches) to the reference value of 0.5 inches.  The results show that the

average power consumed for 0.375 inch buried cut depth is lower, however, the gullet

loading (55.56 % vs. 41.67 %) is larger.  It is observed that a spindle/chuck/tool system

capable of producing 8.73HP and 25 in- lbf torque is required for the 0.375 inch diameter tool

as compared to a spindle/chuck/tool system capable of producing 10.05 HP and 28 in- lbf

torque for the 0.5 inch tool diameter case.

The results for the fifth comparison case considered (Case 6) are shown in Figure

5.29.  This case compares a typical cutting scenario for a tool with 2 teeth to the reference

value of 3 teeth.  The results show that the average power consumed for the 2-tooth case is

less, however, the gullet loading (62.51% vs. 41.67%) and feed per tooth (0.025 vs. 0.017

inches) values are larger.  It is observed that a spindle/chuck/tool system capable of

producing 8.55 HP and 20 in- lbf torque is required for operation with a 2 tooth tool as

compared to a spindle/chuck/tool system capable of producing 10.05 HP and 28 in- lbf torque

for the 3 tooth tool.

The results for the sixth comparison case considered (Case 7) are shown in Figure

5.30.  This case compares a typical cutting scenario for a 0.5-inch diameter tool with no helix

(straight tooth) to the reference (helical) value of 10 degree up-spiral. This figure shows that

the average power consumed for the 10 degree helix up spiral tool is actually greater than the
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case for the straight flute tool.  This result is contrary to the conventional belief, which is

based on non-buried cuts in metal working applications.  It is observed that a

spindle/chuck/tool system capable of producing 8.60 HP and 22 in- lbf torque is required for

the straight tooth design and a spindle/chuck/tool system capable of producing 10.05 HP and

28 in- lbf torque is required for the helical design.  It should be noted that chip exhaust is

improved for the 10 degree helix vs. either a straight tooth tool or a tighter helix tooth design.

It should also be noted that the more continuous contact between the tool and workpiece

afforded by the helical tool reduces the intensity of tooth impact forces and provides a

smother force-time history (as shown in the force plots of Figure 5.30).

The results for the seventh comparison case considered (Case 8) are shown in Figure

5.31.  This case compares a typical cutting scenario for a tool with a 50-micron nose width

(worn tool edge) to the reference value of 25 microns for a new tool edge.  The results show

that the average power consumed for the dull tool is higher, as would be expected.   It is

observed that a spindle/chuck/tool system capable of producing 11.1 HP and 30 in- lbf torque

is required for operation with the dull tool as compared to a spindle/chuck/tool system

capable of producing 10.05 HP and 28 in- lbf torque for the new (sharp) tool.

Any number of examples could be included showing the effect of other variations of

the above example cases as well as the effect of other parameters on power and torque

requirements.  A more complete discussion of the effect of these parameters is presented in

the plots contained in the experimental results section (Section 5.6) of this chapter.
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Figure 5.24 Router performance guide results for reference case (case 1).
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Figure 5.25 Router performance guide results for 30,000 rpm case (case 2).
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Figure 5.26 Router performance guide results for 2000 in/min feed speed case (case 3).
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Figure 5.27 Router performance guide results for 1.5 inch width of cut case (case 4).
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Figure 5.28 Router performance guide results for buried cut depth of 0.375 inch case
(case 5).
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Figure 5.29 Router performance guide results for 2 flute case (case 6).
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Figure 5.30 Router performance guide results for straight flute (0 deg helix) case (case
7).
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Figure 5.31 Router performance guide results for 50 microns tool nose sharpness (case
8).
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5.6   Comparison of Predicted and Experimental Results

The exponents determined in the experimental work enable the program to accurately

predict the average power, torque and forces for a wide variety of machining applications,

including high-speed machining with buried (parting) cuts.  The program exponent changes

for high-speed machining do not affect the program exponents for normal (non buried) cuts

so the program is accurate for most conventional CNC router machining scenarios.

5.6.1 Power Consumption Comparisons

A comparison of the experimentally determined power and the predicted power is

shown in Figures 5.32 through 5.36 for the cutting conditions shown (Tables 5.7 through

5.11).  These figures show the basic trends in power consumption for CNC routing (power

levels increase with increased feed speed, increased width of cut, etc.)  The effect of other

parameters such as depth of cut, helix angle, and tool sharpness can also be observed from

Figures 5.32 through 5.36.  These figures indicate good agreement between the experimental

and predicted data.
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Table 5.7 Cutting conditions for comparison of predicted and measured power for
different buried cut depths

Workpiece Material Plywood
Moisture Content 5%

Tool Material Solid Carbide
Tool Dullness 25µm
Type of Cut Buried
Spindle rpm 18000

Feed Speed (inch/min) 250,500,1000,1500,2000 in/min
Depth of Cut (inch) 0.375, 0.5, 0.625, 0.75in. (buried)
Width of Cut (inch) 1 in.

Helix Angle 10 Degrees
Tool Diameter 0.375,0.5,0.625,0.75 in
No. of Flutes 3

Figure 5.32 Comparison of predicted and measured power at 18,000 rpm for different
buried cut depths.
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Table 5.8 Cutting conditions for comparison of predicted and measured power for
different width of cut

Workpiece Material Plywood
Moisture Content 5%

Tool Material Solid Carbide
Tool Dullness 25µm
Type of Cut Buried
Spindle rpm 18000

Feed Speed (inch/min) 250,500,1000,1500,2000 in/min
Depth of Cut (inch) 0.5 in (buried)
Width of Cut (inch) 0.5, 1.0, 1.5 in

Helix Angle 10 Degrees
Tool Diameter 0.5
No. of Flutes 3

Figure 5.33   Comparison of experimental and predicted power for different widths of
cut.
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Table 5.9 Cutting conditions for comparison of predicted and measured power for
different number of flutes

Workpiece Material Plywood
Moisture Content 5%

Tool Material Solid Carbide
Tool Dullness 25µm
Type of Cut Buried
Spindle rpm 18000

Feed Speed (inch/min) 250,500,1000,1500,2000 in/min
Depth of Cut (inch) 0.5 in (buried)
Width of Cut (inch) 1.0 in

Helix Angle 10 Degrees
Tool Diameter 0.5
No. of Flutes 2 and 3

Figure 5.34   Comparison of experimental and predicted power for different number of
flutes.
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Table 5.10 Cutting conditions for comparison of predicted and measured power for
different helix angles

Workpiece Material Plywood
Moisture Content 10%

Tool Material Solid Carbide
Tool Dullness 25µm
Type of Cut Buried
Spindle rpm 18000

Feed Speed (inch/min) 250,500,1000,1500,2000 in/min
Depth of Cut (inch) 0.5 in (buried)
Width of Cut (inch)  1.0 in

Helix Angle 10 & 30 Degrees
Tool Diameter 0.5
No. of Flutes 3

Figure 5.35   Comparison of experimental and predicted power for different helix
angles.
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Table 5.11 Cutting conditions for comparison of predicted and measured power for
different tool sharpness

Workpiece Material Plywood
Moisture Content 10%

Tool Material Solid Carbide
Tool Dullness 25µm & 50µm
Type of Cut Buried
Spindle rpm 18000

Feed Speed (inch/min) 250,500,1000,1500,2000 in/min
Depth of Cut (inch) 0.5 in (buried)
Width of Cut (inch)  1.0 in

Helix Angle 10 Degrees
Tool Diameter 0.5
No. of Flutes 3

Figure 5.36   Comparison of experimental and predicted power for different tool
sharpness.
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5.6.2 Force and Torque Comparisons

The router performance guide calculates instantaneous force and torque values acting

on the tool via a finite element analysis technique.  Information on forces and torque is

essential in analyzing the cutting process as well as understanding spindle bearing loading

and tool/chuck loading. Spindle power data (predicted or experimental) can be used to

estimate average cutting forces and torque associated with the cutting process via simple

engineering formulae relating average power, average tangential force, and average torque,

as follows.

Torque(in- lbf) = horsepower * 63025/rpm                                             Eqn 5.10

Tangential force (lbf) = horsepower* 63025/(rpm * tool radius(in.))    Eqn 5.11

These simple relationships can be used to check the values of force and torque predicted by

the computer program for cases where the force/torque is nearly steady. The computer results

for a ½ inch diameter cutter having a high helix angle and a large number of flutes (which

results in nearly smooth force time history) are shown in Figure 5.37.   

For the case shown in Figure 5.37, the router guide predicts 15.78 horsepower, and a

torque of 55 in- lbf (since the torque curve is relatively smooth, the average torque is also

approximately 55 in- lbf).  In order to compare the torque values computed in the router

program to the torque predicted by the simple shaft equations (based on 15.78 average

horsepower), Eqn 5.10 is used directly.

Torque (in- lbf) = horsepower * 63025/rpm = 15.78 * (63025)/18000 = 56 in- lbf
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The torque predicted by the router program for this case is in agreement with the torque

calculated from the simple torque equations.

In order to compare the forces predicted by the router guide to the tangential force

calculated from the simple shaft equation (Eqn 5.10), the vector sum of the x and y

components of the predicted x and y forces must be determined.  This sum is simply the

SQRT(Fx
2 + Fy

 2).  For the case shown in Figure 5.37, the computer program gives a total

tangential force of 177 lbf as compared to the tangential force calculated from the simple

shaft equation (Eqn 5.11) of 190 lbf. (Note: for helical tools, the total force calculated from

Eqn 5.11 must be multiplied by the cosine of the helix angle).



103

Figure 5.37 Router performance guide screens for high angle helix tool.
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5.6.3 Comparison of Predicted Forces to Forces Measured on a Table Top
Dynamometer

In order to compare the dynamometer results to the computer predictions, the cutting

conditions shown in Figure 5.37 were utilized.  A straight flute cutter was utilized in order to

obtain observable force pulsations as opposed to the relatively smooth force time history

produced by a helical (spiral) cutter.

Figure 5.38 Forces and torques predicted by Router performance guide.

The individual pulses shown in Figure 5.38 represent individual tooth engagements

which occur at a frequency (Hz) equal to the revolutions per second (rpm/60) times the

number of teeth (flutes) on the cutter.  The x and/or y components of force contribute to the
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torque load on the spindle and at any given instant. The force opposing rotation applied to the

tool is equal to the SQRT (Fx
2 + Fy

2).  For the case shown in Figure 5.38, the tangential force

is about 45 lbf.

The plot of cutting forces in the x and y direction shown in Figure 5.39.  The

unfiltered signals (upper) include a dynamometer resonance frequency at about 2000 Hz

which is eliminated using a 500 to 1000 Hz band pass filter (lower).   For this, case the

cutting force pulsations (Fx and Fy ) peak at approximately 45 lbf, and agree well with the

computer prediction.

Figure 5.39 Force-time history as measured by table top dynamometer.
(signal band pass filter = 500 Hz to 1000 Hz)
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5.7 Discussion of Results

The experimental evaluations included the determination of new exponent values for

high-speed cutting with buried (parting) cuts.  These exponents were seen to more accurately

predict the power for buried cuts in high-speed applications, as indicated by the agreement in

the comparison of predicted and experimental results for average power consumption.  The

modifications to the program resulting from this research were necessary to account for the

cutting mechanics of the buried (parting) cut operation used in machining parts from

plywood sheets for upholstered furniture.  These modifications provide more realistic

predictions of high-speed buried cuts without comprising the existing program accuracy for

conventional cutting. The instantaneous force predictions and, by extension, the

instantaneous torque predictions were verified experimentally through the use of a table top

dynamometer.
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6.  REVIEW OF CURRENT SPINDLE AND CHUCK TECHNOLOGY
FOR HIGH-SPEED, HIGH-POWER APPLICATIONS ON CNC
ROUTERS

6.1 Introduction

The economic analysis of high-speed machining (HSM) (Chapter 4) and the power,

torque and force prediction program (Chapter 5) point out both the possibilities and

limitations of HSM for CNC routers used in upholstered furniture manufacturing

applications.  The main limitation is the performance of with the spindle, chuck, and tool;

which are the heart of any HSM application.  At the root of the problem is the fact that

pursuing much higher feed rates requires a new level of technology development.  This is a

result of the following requirements:

• The need for increased tool rpm to maintain acceptable feed per tooth (a large

number of flutes on the tool is not an option for the tools used to cut nested parts).

• The need for high-power /high-torque spindle motors to achieve higher feed rates,

higher rpms, and larger diameter tools (required to prevent breakage at high feed

speeds) associated with high-speed machining.

• The need for improved chuck –spindle interface systems to withstand the

increased cutting forces and torque involved in HSM.

• The need for improved chuck-tool shank holding systems to withstand the

increased cutting forces and torque involved in HSM.

This chapter reviews some of the more important issues relating to spindles and

chucks used in current day HSM as gleaned from extensive literature searches and

discussions with “state of the art” spindle and chuck manufacturers.
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6.2 High-Speed, High-Power Spindle Design

 For purposes of this review*, a high-speed, high-power spindle for use in upholstered

furniture manufacturing is defined as a spindle which is capable supporting feed rates

exceeding 1500 inches per minute in 1-1/2 inch thick plywood (stacked sheets). As with any

spindle, a high-speed spindle for this application must be capable of providing high rotational

speed , adequate torque and power for the application, and have satisfactory  life. Based on

the research performed in this thesis (Chapter 5), the minimum spindle requirements are

25,000 rpm, 25 horsepower producing 75 in-lbf at full speed.

The major performance related issues for a spindle include (Popoli.W 1998):

• Desired power/torque (peak, and continuous)

• Maximum spindle load (axial and radial)

• Maximum speed (rpm) capability

• Tooling-chuck- tool changer/drawbar capability

These features translate into a number of design issues that affect both performance and

maintenance, as discussed in the following sections.

*  This review of high-speed spindle technology is based in part on information provided in a
recent Society of Manufacturing Engineers Clinic on High-Speed Machining and draws
heavily from a paper by William Poppoli with the IBAG TM Spindle Company of Zurich,
Switzerland (Popoli.W 1998).
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6.2.1 Spindle Drive System (Belt Drive vs. Integral Motor Design)

Although a belt drive connecting the motor and spindle shaft is typically the least

expensive alternative, there are many advantages to an integral motor design. In the integral

motor design, the motor is included as an integral part of the spindle shaft and housing

assembly.  This allows the spindle to rotate at higher speeds, without the additional

limitations of belts.  For extremely high rpm (over 20,000) the integral motor design is

clearly superior. A complete motor-spindle is comprised of the spindle shaft and bearing

system (including motor elements) and the cooling and bearing lubrication system. An

illustration of an IBAGTM integral motor spindle design is shown in Figure 6.1.

Figure 6.1 Typical integral motor spindle design (Popoli .W 1998).
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6.2.2 Spindle Bearing Considerations

One of the most critical components of any high-speed spindle design is the bearing

system.  The bearings are key to providing high rotational speeds, adequate tool stiffness, and

a reasonable spindle life expectancy.

The high precision bearings required for operation at high rpms are available from a variety

of manufacturers.  The type of bearings typically used for high-speed spindles are known as

angular contact ball bearings. This is due to the fact that angular contact ball bearings provide

the precision, load carrying capacity and speed required for HSM applications.  In some

cases, tapered roller bearings are used to obtain higher load capacity and greater stiffness as

compared to ball bearings.  However, tapered roller bearings do not allow the high-speeds

required by many high-speed spindles.

Angular Contact Bearings

 Angular contact bearings are available in a variety of types, sizes, and angles of

contact.   The selection of which type to use depends on the spindle application and typically

involves a number of compromises. For example, a spindle that is desired to have the highest

speed will not have the maximum stiffness possible, and the spindle with the highest stiffness

cannot run at high-speeds without sacrificing bearing life. Angular contact ball bearings

utilize a number of precision balls fitted into a precision raceway.  They are designed to

provide both axial and radial load carrying capacity when properly pre-loaded.  An important

issue in selecting bearings is the maximum speed a bearing, and ultimately the spindle, will

be able to achieve.  This is determined by considering the type of bearing, bearing lubrication

method, bearing pre-load requirements, bearing loading, etc. for a given spindle design.  In

practice, the bench mark used to determine maximum speed is the dN number.  The dN

number is determined by multiplying the bearing bore diameter (in millimeters) by the
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rotational speed in rpm.  For a high-speed spindle utilizing angular contact ball bearings, dN

numbers up to 1,500,000 are possible.

Angular contact ball bearings are manufactured to a specification that includes the

contact angle.  The contact angle is the nominal angle between the ball-to-race contact line

and a plane through the ball centers, perpendicular to the bearing axis (as shown in Figure

6.2).  The contact angle determines the ratio of axial to radial loading possible, with radial

loading being the primary benefit.  The lower the contact angle, the greater the radial load

carrying capacity; the higher the contact angle, higher the axial loading capacity. Therefore,

it may be desirable to use a bearing with a contact angle of 25 degrees for a spindle that will

be used primarily for drilling and a contact angle of 15 degrees for a spindle that will

primarily be used for milling.

     Contact Angle Tandem Configuration

Figure 6.2   Illustration of angular contact bearing geometry (Popoli.W 1998)

Precision bearings are manufactured to exacting tolerance standards.  The most

commonly used standard in the United States is the ABEC standard (America Bearing

Engineers Committee).  ABEC ratings range from a low of ABEC 1 for a general purpose

bearing to a high of ABEC 9, which describes a very high precision bearing suitable for use
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in a high-speed spindle.  Angular contact ball bearings are available with a choice of pre-

loading options, typically designated as light, medium and heavy.  Light pre-loaded bearings

are designed to allow maximum speed at the expense of stiffness.  Heavy pre-loading allows

less speed, but higher stiffness.

In order to provide the required load carrying capacity for a high-speed machining

spindle, several angular contact ball bearings are normally grouped together.  In this way, the

bearings can share the loads, and increase the overall spindle stiffness.  The bearings can be

stacked in several ways, depending upon the desired performance characteristics.  Angular

contact ball bearings must be pre-loaded in order to perform properly.  One way to do this is

to mount the bearings in groups of two or three, such that the pre-load is correctly applied to

the bearings.  This is possible by using duplex bearings, which are manufactured for this

purpose.  The bearing races are ground, so that when the bearings are clamped together the

bearings will have the proper amount of pre-load.  Duplex bearings may be stacked in several

configurations, including “face to face”, “back to back”, and “tandem”.  Generally, a

combination of mounting techniques is used in a spindle assembly.

Typical high-speed spindles use two or three bearings at the nose in a tandem setup.

At the rear of the spindle shaft, another bearing pair of equal size or smaller, is used in a

tandem arrangement as well.  Together the bearing sets form an overall “back-to back”

configuration, which provides very high rigidity.

High-speed integral motor-spindles are subject to significant temperature increases

due to bearing heat and motor energy losses.   This heat, if allowed to increase unchecked,

can result in significant thermal growth (elongation) of the spindle shaft.  A tandem pair of

bearings used in both in the front and rear of a spindle has a fixed pre-load based on the

location of the bearings in reference to the spindle housing.  When subjected to heating, the
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spindle shaft will elongate which will seen by the bearings as an increase in the pre-load.

This increase in pre-load causes rapid failure of the bearings. To compensate for this

elongation, it is often necessary to mount the rear spindle bearings in a spring loaded floating

housing.  The floating housing is mounted in a precision bore or ball cage, which is free to

move in an axial direction only.  In these systems, springs are used to provide a constant pre-

loading force against the spindle shaft in the axial direction.  As the spindle grows due to

thermal expansion, the rear bearings are free to move.  In this way, the pre-load seen by the

bearings does not change.  This technique must be used in high-speed, high-power spindles,

however, it adds cost and complexity to the spindle system.

A relatively recent development in bearing technology is the use of ceramic (silicon

nitride) material for the rolling ball elements of the bearing.  The ceramic balls, when used in

an angular contact ball bearing, offer the following distinct advantages over typical steel balls

(Popoli,W 1998):

• Ceramic balls have 60% less mass than steel balls, which reduces centrifugal force on the

balls.  This allows up to 30% higher speed for a given ball bearing size, without

sacrificing any bearing life.

• Ceramic balls do not react (cold weld) to the steel raceways (this eliminates a major wear

mechanism, resulting in longer bearing life).

• Ceramic ball bearings operate at lower temperatures due to the precise geometry of the

ceramic balls.

• Ceramic ball bearings operate at much lower vibration levels due to higher rigidity and

higher natural frequencies.
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Bearing Lubrication Methods

Angular contact ball bearings require some form of lubrication to operate properly.

The function of lubrication is to provide a thin film between the rolling elements to prevent

abrasion and skidding.  In addition, lubrication protects the surfaces from corrosion and

protects against particle contamination.

The most common type of lubricant is grease.  For high-speed applications, grease is

injected into the space between the balls and the races during spindle assembly and is

permanent (“greased for life”).  It therefore requires minimal maintenance, and results in

little, if any, cost.  Grease lubrication, however, does have limitations.  Grease packed

bearings generally cannot be run above dN values of 850,000 for continuous operation, due

to grease break down.  The typical lubrication method for high- speed spindles is oil, which

can be delivered in a variety of ways.  Oil lubrication can support speeds up to dN of

1,500,000.  The most common method of oil lubrication is oil mist.  An oil storage tank is

used, and compressed air is mixed with the oil.  This creates oil droplets that are carried by

the airflow to the bearing area.  The major benefits of oil mist are good lubrication, cleaning,

and cooling.
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6.3 Spindle Motor / Shaft Assembly Considerations

The most common type of motor used in high-speed motor spindles is an AC

induction motor.  In this design, the rotor is attached to the spindle shaft during spindle

assembly.  Following this, the bearings are mounted to the front and rear of the shaft, and the

shaft is then fitted into a spindle housing. The spindle shaft is quite important, as it must

transfer the power from the motor to the cutting tool.  The shaft must locate and support the

bearings, and contain the complete tooling system as well.  One important design

consideration for the shaft is bending.  During high-speed operation, the shaft will exhibit

bending characteristics.  The frequency at which the shaft bends (vibrates) depends on the

diameter and length of the spindle shaft/rotor assembly and the bearing design and

configuration.  It is often tempting to design a very long spindle shaft, as this increases the

load carrying capacity of the spindle and allows for a more powerful motor. However, care

must be taken for longer spindles to avoid having a critical speed (shaft resonance) in the

operating zone.  This is not tolerable for spindle operation, and must be resolved by re-

designing the shaft.

The power and torque produced by AC induction motors depends on the motor

winding design.  The specific characteristics of AC induction motors results in optimal

performance at near the rated (maximum) spindle speed as shown in Figure 6.3.  For this

reason, most high-speed spindles are intended to be used at or near full speed.
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Figure 6.3 Typical power and torque diagrams for IBAGTM high-speed spindle
(IBAGTM Literature).
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Bearing Contamination

High precision bearings are quite sensitive to external contamination. Chips, dust,

dirt, and other foreign material will contaminate the bearing surfaces, resulting in pre-mature

failure. To protect against this condition, spindle designers utilize some type of seal to

prevent contamination from entering the spindle.  The most common type is a positive air

over-pressure system in which air is directed into the spindle housing at low pressure.  The

air feeds outward to the front and rear of the spindle, providing a low flow of air.  This flow

prevents contamination from entering into the spindle.

Chuck Retention Systems

A high-speed spindle designed for use in a CNC machining center must be able to

accommodate an automatic tool changer.  This is done by using a special chuck equipped

with a retention knob (which engages with a retention system in the spindle shaft).  Common

systems include CAT, BT and ISO styles, however the recent trend is toward the HSK

system for high rpm.  Location and clamping of the toolholder (chuck) is accomplished by

machining a taper in the end of the spindle shaft to match the taper angle and diameter

required by the chuck. The clamping mechanism (drawbar) must provide sufficient pulling

force to overcome all forces created during operation that would tend to pull the chuck out of

the spindle.  The most common technique used in drawbar construction involves stacked

Belleville washers which create a long tension spring.  The end of the drawbar grips the

toolholder retention knob, and holds the chuck in position in the taper.  When a tool change

must occur, a hydraulic or pneumatic cylinder compresses the drawbar springs (Belleville

washers), and the chuck is released. With regard to spindle deign, the drawbar presents some

challenges especially for high-speed high-power applications found in HSM.  A drawbar is a

movable device, and with each actuation the springs may end up in slightly different
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locations.  This can create balance problems, which cause unwanted vibration at high-speeds.

To overcome this, drawbar components are manufactured to close tolerances, and guide

bushings are used internally. To satisfy the holding force requirements, mechanical locking

systems are used.  The drawbar typically uses the Belleville washers to pull the toolholder

into the taper.  Once seated, a mechanical locking system then is actuated.  The locking

components may be small balls or cams.  After the locking mechanism is in place, all cutting

forces are directed against the shaft (not against the Belleville washers).  This system is

capable of providing a very high holding force and rigidity, which is critical to the high-

speed cutting process. The HSK 63F toolholder design (discussed in the next section) allows

speeds up to 35,000 rpm with a torque capacity of 50 (N-m), and requires an axial pull force

of 9.8 kN. A typical drawbar assembly is shown in Figure 6.1.

Spindle Housing Considerations

The spindle shaft and motor is typically located in a cartridge type housing since the

tolerances required for high-speed are easier to obtain when the housing can be produced as a

cylinder. The primary function of a spindle housing is to precisely locate the bearings.  In

addition, the housing must facilitate the lubrication, air seal, cooling water or oil, and other

utilities required by the spindle.  If the spindle utilizes oil lubrication, the housing must

include drilled passages to deliver the oil or oil mist to each bearing. A cooling liquid is often

used to remove heat produced by the spindle motor stator and bearings.

As is apparent from this review, a high-speed spindle is a complex mechanism which

should be designed specifically for the particular application.  A well-designed high-speed

spindle is inevitably the result of many compromises.
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6.4 High-Speed, High-Power Chuck Design

Current day high-speed operations on CNC routers can draw well in excess of 20

horsepower (at 18,000 rpm) which results in high levels of torque applied to the tool and

chuck system.  Recent developments in high-speed, high-power spindle design for CNC

routers have resulted in power capabilities exceeding 35 hp at 30000 rpm which can easily

exceed the torque transmission capabilities of most conventional woodworking chucks.

Many CNC router spindles employ tool changer type chucks which consist of a cone shaped

portion of the chuck which is held in place in a corresponding taper inside the nose of the

spindle by a power draw bar and retention knob system as shown in Figure 6.4.

Figure 6.4 Illustration of conventional ISO 30 taper chuck with collet type tool gripper.

The chuck system shown in Figure 6.4 allows automatic tool changers to be utilized

to remove a tool/chuck assembly and replace it with a different tool chuck assembly as part

of the machining process. The tapered cones used in wood machining are typically in the BT

30 to BT 35 size range and have relatively low torque transmission capability.  When

damaged or improperly maintained and/or dirty, these chucks produce considerably less than

the rated torque transmission performance at the chuck/spindle interface.  The spindle- chuck
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interfaces commonly available include ISO, CAT, BT, HSK, and NC5 connections. Of these

connections, HSK (acronym for Hollow Taper Shank in German) is particularly suitable for

high-speed machining, and in view of the rapid transition from long taper designs to the new

HSK system, this review will focus on the HSK chuck system.

Tool changer type chucks must also incorporate a system for holding the tool in the

chuck. In analyzing the torque transmission requirements, both the chuck/spindle interface

and the tool/chuck interface must be considered.  Typical tool holding systems found in the

woodworking industry are the collet type systems (Figure 6.4), which also have limited

torque transmission capabilities, especially for the small diameter tools often used for high-

speed, high-power machining.  Collet systems generally produce relatively high tool runout

(and unbalance) for high-speed operation. The tool shank holding systems available in HSK

chucks include collets, conventional hydraulic and hydro-mechanical systems, and heat

shrink systems.

Depending on the particular design of the chuck/spindle interface and the tool/chuck

interface, either interface may be the weak link in the system (which is unable to transmit the

required torque resulting in slipping).  When slipping occurs, the cutting process is

interrupted and tool breakage usually occurs along with damage to the sliding surfaces. Lack

of accuracy and rigidity at either interface can cause a multitude of vibration related

problems which can degrade surface quality, damage spindle bearings, and accelerate tool

wear. To overcome these problems, modern high-speed machining centers employ rigid, high

precision chucks.  This section reviews the technology currently available for HSM chucks.
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6.4.1 Hollow Taper Shank (HSK) Toolholders

HSK stands for “Hohl Shaft Kegel,” which literally translated into English, means “

hollow-shank taper”. Among U.S. end users it is more commonly referred to as “hollow-

taper-shank tooling.” Described in the Deutsches Institutfur Normung standard DIN 69893,

the HSK has a taper shank ratio of 1:10.  HSK toolholders are available in six different styles

matching the varied needs of different machining applications. These HSK styles are

designated by the letters A through F. Each model is also identified by the diameter of the

flange in millimeters. Styles A,B,C and D are for low-speed applications. E and F are for

high-speeds. The main differences between the styles are the positions of the drive slots,

gripper-location slots, coolant holes, and the area of the flange.   A cut away drawing of an

HSK toolholder is shown in Figure 6.5

Figure 6.5 Cutaway View of HSK-A (left) and HSK-B (right) (Kocherovsky and Travis
1998).
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An HSK connection depends on a combination of axial clamping forces and taper

interference. These forces are generated and controlled by the mating components' design

parameters. The HSK taper and receiver taper both must have precisely mating tapers and

faces that are square to the taper's axis. There are several HSK clamping methods on the

market. All use some mechanism to amplify the clamping action of clamping arms.  Figure

6.6 shows an HSK chuck being engaged in the spindle taper.

Figure 6.6 HSK toolholder-spindle mating system (Kocherovsky and Travis 1998).
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In Figure 6.6, the first phase of the HSK clamping action is shown at the top.  In the

first phase of the clamping process, the mechanism is in the unclamped position. The

drawbar (2), which is located in the spindle (1) and is rigidly connected to the sleeve (4), is

released. This allows the clamping arm segments (3) to contract inside the sleeve's cavities.

In the second phase of the clamping process, the taper is in the receiver, but the clamping

mechanism is not yet actuated. Because the gage diameter of the taper is slightly larger than

the gage diameter of the receiver, the taper does not slide fully into position. As a result,

there is some clearance between the flange and the face of the receiver.

In the third phase, the mechanism is actuated. At this point, the drawbar pulls the sleeve in,

away from the toolholder which causes the clamping arms to expand radially (the 30O

chamfer engages the mating chamfer on the toolholder). This amplifies the force of the

drawbar. This force is transformed into pullback forces that are equally spaced and applied to

the circumference of the 30O chamfer inside the toolholder.  As the clamping arms engage,

the pullback force causes the taper to deform slightly, pulling the taper further into the

receiver until contact is made between the flange and the receiver's face. The fact that the two

tapers are in intimate contact due to the elastic deformation of the shank ensures the

positioning accuracy and repeatability of the joint, both radially and axially.  The flange face

contact ensures lateral rigidity.

When the toolholder is clamped into the receiver, the drawbar force at first produces a firm

metal-to-metal contact between the taper and the inner diameter of the clamping unit. An

additional application of drawbar force positively locks the two elements together into a joint

with great radial and axial rigidity. During the clamping process, some of the clamping unit's

energy will be spent compressing the taper to pull the taper deeper into the receiver.

Depending on the amount of clearance, up to 20% of the axial clamping force may be needed
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to pull the toolholder in. The larger the clearance between the mating faces, the more energy

will be needed to bring them together.

The HSK design harnesses centrifugal forces to increase the joint strength. As the

clamping arms rotate, the clamping mechanism force intensifies due to the increased pressure

on the arms due to centrifugal force.

Centrifugal force also causes the relatively thin walls of the HSK taper to deflect

radially at a faster rate than the wall of the spindle. This contributes to a secure connection

between the toolholder and the spindle. The changes that centrifugal force causes on the

inside of the clamping mechanism does not affect the axial position, because this is

determined by the face to face contact between the flange and the receiver.

Radial and axial stiffness are the most important technical properties of the chuck-

spindle interface, and define the system's chatter-free machining capacity. The design of the

HSK system provides a radial stiffness of the connection which is at least five times greater

than the CAT, SK, or BT tooling systems for comparable sizes. High radial stiffness allows

an HSK connection to handle elevated bending loads, which translates into deeper cuts, and

higher feed rates for milling and boring. In addition, high rigidity means that the cutting

system has a higher natural frequency, allowing the system to run at higher rpm before

resonance (chatter) begins. And, finally, higher stiffness/rigidity reduces deflection, thus

producing more accurate machining and improved surface finish.

 Because of the axial contact between flanges of the HSK taper and the spindle

receiver, there is extremely high axial rigidity in the spindle direction. High axial rigidity

guarantees a fixed position for the interface during boring and (especially) drilling

operations, where axial thrust forces are high. In the opposite direction (down force), HSK

performs better than CAT/SK/BT because the higher axial clamping force results in a self-
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locking effect caused by the 1:10 taper; therefore the pullout resistance of HSK is higher than

that of the steep-taper connection. The torsional stiffness of the HSK interface is comparable

to that of a steep-taper connection.

There are three basic HSK options as indicated below:

• Types A and C--moderate-torque, moderate-to-high rpm connection,

• Types B and D--high-torque, moderate-to-high rpm connection,

• Types E and F--low-torque, super-high-rpm connection.

Each type of interface permits the user to choose an optimum torque-transfer solution for a

specific application.

Tool runout and repeating accuracy of the HSK connection is defined by simultaneous

contact between the HSK taper and spindle receiver along the taper and flange. The elastic

deformation of the taper shank walls makes this contact possible. The accuracy of the HSK

interface falls within ±0.0001" (0.003 mm) in radial and axial directions. In addition, the

HSK interface flange-to-flange contact eliminates the effect of the axial force on finished

part accuracy.

The primary drawback of the HSK system is that it is not compatible with existing spindles

and toolholders and the exacting tolerances and intricate design make it more expensive than

standard steep-taper toolholders.
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6.4.2 Steep Taper Toolholders

The vast majority of machine tools in the United States employ a steep taper interface

between the spindle and the toolholder. This steep-taper interface, which can be found on

most machining centers and other machine tools, represents a familiar, widely used, and

firmly established technology.

The steep taper has been standardized by ANSI, ISO, DIN, and other standardization

bodies. And there are many thousands of machine tool spindles with steep-taper connections,

as well as many millions of taper toolholders. Until recently, the steep-taper interface

satisfied the basic requirements of most machining operations. Steep taper toolholders are not

self-locking. Because they do not become jammed into the spindle with use, a kick-out

device is not required to force the toolholder out of the spindle. This allows tools to be held

in place and released with a simple drawbar. Once the chuck taper is tight in the tapered hole

of the spindle, the tool is secured. Standard steep-taper toolholders also are relatively simple

and inexpensive to make, because the taper angle is the only dimension that has to be

machined with a high degree of precision.

There are, however, major shortcoming of the steep taper system for high-speed/high-

power machining. At high spindle speeds, the spindle expands and the taper moves into the

spindle further, altering the axial location of the tool. For high cutting forces, the radial

location accuracy is inadequate, because the interface’s design tolerances allow a clearance at

the back of the connection, as shown in Figure 6.7.
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Figure 6.7 Steep taper interface (Lyndex Corporation).

6.4.3 Tool Gripper Considerations

The most popular tool gripper systems include collet, hydraulic, hydro-mechanical,

and heat shrink fit systems.  These systems are reviewed in this section.

Collet Designs

Collet tool grippers are commonly used for drills, reamers, boring bars and endmills.

These toolholders consists of a front socket, a collet, and a locknut. Collets are generally

designed with several thin elastic deformation areas. The number and width of slots around

the periphery determines the collapsibility or size range of the collet. A larger number of

slots around the collet results in a larger collapsible range, better accuracy, and higher

gripping power. Collet accuracy is dependent on the taper fit, roundness, and surface finish

of the collet and toolholder cone. The concentricity tolerance requirements for an assembled

high precision collet system is typically in the 0.01 mm range.  Although collet chucks

generally provide reasonably good accuracy and dynamic stiffness, their utility at very high-

speeds is limited. The external collet nut expands under centrifugal force, so that the collet

torque capacity is reduced and the system may loosen when the spindle is decelerated

quickly. A typical collet type chuck is shown in Figure 6.8.
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     Figure 6.8 Typical collet type chuck.

Hydraulic Designs

In hydraulic chucks, the wall of the inside diameter of the toolholder expands when a

hydraulic pressure is applied, then returns to its original size when the pressure is released.

The sleeve is designed so that expansion stresses are below the yield point of the material.

An Allen screw is turned a few revolutions to actuate a piston and force hydraulic fluid from

the piston chamber into the expansion sleeve. The compression/expansion sleeve (chuck

body) serves as a master collet, resulting in direct gripping of the maximum tool shank size.

The pressure that can be 70 to 140 MPa (700 – 1400 bars), causes the inside of the

toolholders thin-wall sleeve to expand in a precise and controlled way so that the tool is

clamped on its geometric centerline. Uniform pressure clamps the tool periphery and uniform

contact is achieved over the full length of engagement. This results in very good

concentricity (0.005 mm or better TIR at 100 mm from the nose of the chuck) and high

repeatability (0.0013 mm or better). Hydraulic toolholders provide sufficient pressure to

drive the tool shank without the use of a flat. The torque capability for a hydraulic chuck can

be calculated from the pressure applied using the equation
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Torque (T) = (π . P . L . b2 . µ) / 2, where L is the contact length of the fit between the tool

and toolholder, µ is the coefficient of friction, b is the inside diameter of the toolholder nose

where the tool shank is inserted, P is the applied pressure between the toolholder and the tool

shank. The hydraulic fluid in the sleeve acts as a vibration damper and, therefore, hydraulic

holding systems exhibit reduced vibration and chatter. Hydraulic chucks provide a relatively

low radial stiffness which can be a disadvantage in some applications.  A typical hydraulic

chuck is shown in Figure 6.9.

Figure 6.9 Cutaway view of hydraulic chuck (Lyndex Corporation)

Shrink-Fit Designs

A popular type of toolholder, is the “shrink-fit” chuck. In the shrink-fit designs, standard

straight shank tools are held in the toolholder body with a high interference fit created by

thermal contraction. To insert the tool into the holder, the toolholder is induction heated until

the tool shank will slide into the holder. As the toolholder cools, the resulting thermal

contraction exerts uniform pressure around the entire surface of the tool shank. With a proper

match of materials, the tool expands more slowly than the toolholder, eliminating the

interference, and allowing the tool shank to be removed. A difference in the coefficients of

thermal expansion between steel and carbide is often an advantage in allowing for convenient
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removal of the tool shank. These toolholders are typically designed and tested to last more

than 50,000 tool change (shrink-unshrink) cycles.

Because the thermal expansion and contraction in the toolholding system is

symmetric, it provides excellent runout and gripping torque. It also provides inherent balance

due to it symmetric design without nuts, collets,etc. A cutaway view of a shrink fit toolholder

is shown in Figure 6.10.

Figure 6.10 Cutaway view of shrink-fit toolholder (Lyndex Corporation).
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Hydro-mechanical Designs

This system, developed by Sandvik Coromant, uses hydraulic force to actuate a precision

mechanical chucking system.. Once actuated, the clamping does not depend on maintained

hyraulic pressure as is the case with conventional hydraulic chucks.  Unclamping of the tool

also requires the application of hydraulic pressure. A hydraulic pump is required to actuate

the chuck mechanisms. An outer sleeve moves along a 2o degree taper inside the chuck and

rides over an inner sleeve, causing the inner sleeve to compress around the tool shank. The

system actuates at a hydraulic pressure of 10,000 psi (45kN). This system is reported to

provide concentricity  comparable to that of hydraulic and shrink-fit holders while providing

greater torque capability. Table 6.1 shows a torque capability comparison of a hydro-

mechanical chuck to a conventional hydraulic chuck and a shrink fit type chuck.

Figure 6.11 shows a cut away view of a hydro-mechanical chuck.

Table 6.1 Comparison of transmitted torque for hydro-mechanical, conventional
hydraulic, and shrink fit type chucks (Sandvik Coromant).

Shank
Diameter

Torque (N-m) Holder

12mm 99 Hydro-mechanical
72 Shrink fit
50 Hydraulic chuck

20mm 579 Hydro-mechanical
243 Shrink-fit
181 Hydraulic chuck
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      Clamping      Unclamping

Figure 6.11 Cut away view of hydro-mechanical chuck  (Sandvik Coromant).
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7.  REVIEW OF DYNAMICS ISSUES FOR HIGH-SPEED, HIGH-
POWER SPINDLES, CHUCKS, AND TOOLS USED ON CNC
ROUTERS

7.1 Introduction

The high rpms’ required in high-speed machining (HSM) in woodworking

applications  (often in excess of 20,000 rpm), often result in vibration related machine

problems.  The effect of high rpm is especially significant in view of the fact that centrifugal

forces acting on the tool chuck and spindle rotor/bearing system increase with the unbalanced

mass, the effective unbalance mass radius, and the square of rotational speed (rpm).  Since

most HSM operations utilize increased rpm (as opposed to increased diameter and number of

cutting flutes) to achieve high feed rates, the effect on unbalance is extremely important and

must be considered carefully.

A second dynamics related problem associated with high rpm is the phenomenon of

resonant vibration response of the rotor bearing system.  Resonant response occurs when a

rotor/bearing system is operated at an rpm near one of the system natural frequencies (a

frequency at which a small force causes a disproportionally large response).  HSM spindles

must be designed to operate at rpms below the first natural resonant frequency of the

rotor/chuck/tool system to avoid catastrophic failures.  This chapter reviews techniques for

assessing and correcting dynamics problems encountered in high-speed spindle operations.
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7.2 Basics of Rotor Balancing

Balancing of rotating parts has long been recognized as being beneficial to the

performance of machinery. The technology of balancing has evolved from the knife edge

techniques (static balancing) used before the advent of dynamic balancing machines, to the

present day hard bearing electronic balancing machines capable of precision balancing of

rotors at speeds up to full operating speed.  From a maintenance standpoint, the benefits of

precision balancing are well known and bearing housing vibration is the most widely used

indicator in predictive maintenance programs. Unbalance can also have a dramatic effect on

other performance-related considerations such as surface quality and tool life. Unbalance is

the result of an uneven distribution of weight on a rotor. This can be caused by such factors

as machining errors and actual inhomogenities in the metal (porosity, etc.,). The centrifugal

forces involved depend heavily on the rotor speed and are proportional to the amount of

unbalance mass, the radius at which the unbalance is concentrated, and the square of the

rotational speed.

 Centrifugal force = mass * radius *(rotational speed)2 Eqn 7.1

Thus, the effect of doubling the rotational speed is a quadrupling of the unbalance forces.

This tends to cause the rotor to run out of round and exert excessive loads on the shaft

bearings.  One of the detrimental effects of unbalance on precision cutting tools is the

eccentric tip path resulting from the unbalance force, which causes the center of rotation to

be displaced from the shaft centerline.

The tolerance to which a rotor should be balanced depends on the weight and shape,

the rpm at which it will be operated, the rigidity of the housing that it is mounted in, and the

performance requirements. Other factors such as machine condition and centering accuracy
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should also be considered in establishing balance tolerances, The International Standards

Organization (ISO) has developed standards for balance grade depending on the class of

machine (intended use), the rotor weight, and the operating speed. Typical spindle rotors fall

generally into the G-2.5 quality grade which is shown in nomogram form in Figure 7.1. The

unbalance is usually expressed in gram-mm (grams of weight * mm radius), so that a 1 gram

weight error at a 1 mm radius produces the same unbalance as a 2 gm weight error at a 1/2

mm radius.

Figure 7.1 ISO G 2.5 balance tolerance nomogram.

It is clear from the two examples shown in Figure 7.1 (20 kg rotor) that identical

rotors operated at 3600 rpm and 7200 rpm require drastically different balance accuracy to

meet the ISO G-2.5 balance criteria.

Rotor rpm Tolerance (gram-mm) Rotor weight (kg)

10,000

7,200

5,000

3,500

2,000

1,000

500

1.27

12.70

127.

2.27

4.54

9.10

22.7



136

7.3 High-Speed Spindle Balance Issues
Unbalance, along with excessive heat and dust contamination, is one of the major

causes of high-speed CNC router spindle failures in woodworking applications.  A typical

high-speed spindle assembly is shown in Figure 7.2 with the rotor and bearings components

shown in the foreground.  The spindle shown in Figure 7.2 is a high-speed, high-power unit

equipped with liquid cooling and oil spray mist bearing lubrication.  The details of the

rotor/bearing system (bearing configuration, bearing spacing, shaft diameter, shaft length,

etc.) have been designed for operation at the rated speed (20,000 rpm) with the maximum

weight tool and chuck assembly in place.

Figure 7.2  “Accu-RouterTM” high-speed spindle used for HSM woodworking

applications.

Spindle rotor unbalance is usually corrected during the manufacturing process via

dynamic balancing of the rotor (without bearings) on a dedicated high precision hard bearing

balancing machine.  After assembly, the rotor/bearing system mounted in the spindle housing

is trim balanced in two planes using in-place balancing equipment (using balance adjustment

screws at each end of the spindle).  This typically provides an adequate balance precision for
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the spindle rotor alone (without the chuck and tool installed).  Tool and chuck balance errors

resulting from mass errors or centering errors are normally beyond the control of the spindle

manufacturer. It is typically left to machine users to insure adequate tool and chucking

accuracies as well as proper tool design, tool sharpness, and machine feeds and speeds

necessary to prevent bearing damage.

A variety of techniques are used by machine users to deal with the balance issues

resulting from high-speed operation of spindles.  Techniques in use range from the most

basic (tolerance specification) to highly sophisticated (“self balancing”) are reviewed in this

chapter.

7.3.1 Balance Tolerance Specification

Specification of a required precision level for chuck systems and tools can result in

improved balanced conditions. This approach is based on combining high precision

components and relying on the precision (chucking accuracy, balance accuracy, etc.) to

produce acceptable levels of vibration. This method is the simplest to employ, however, it

involves high precision chucks (less than 0.0005 inch runout), precision manufactured and

balanced tools and chucks (within 5 gm-mm unbalance), and accurate spindle tapers

(concentric within 0.0001 inch). This approach can produce acceptable results when carefully

applied, however, there is always a loss of precision in the assembly due to build up of errors.
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7.3.2 Use of Dedicated Balancing Machines

Dedicated balancing machines designed specifically for component balancing (tool,

chuck, etc.) are in common use in the metal working industry. These machines can be used to

balance the tool and chuck assembly (chuck and clamped tool) so that chuck unbalance,

collet and tool unbalance, and tool centering errors are corrected simultaneously. This

requires the use of a “balanceable” chuck (having provision for weight addition), since the

balancing procedure must be repeated each time a tool is re-inserted in the chuck. These

machines are accurate and easy to operate, however, they cannot compensate for errors

which may occur when the tool or tool/chuck assembly is installed in the router spindle

(mating or taper centering errors).

7.3.3 Trim Balancing the Spindle Assembly

At spindle speeds exceeding 30,000 rpm, balancing issues become extremely critical.

The extreme level of precision required to achieve acceptable balance is placing increased

emphasis on so-called “on-board” balancing techniques.  This approach involves balancing

the entire rotor system including the spindle rotor, the chuck and tool as an assembly as

mounted on the machine.  This requires vibration/balance instrumentation and a balanceable

tool chuck system (using balance rings, balance screws, etc.)  A balanceable chuck which

uses eccentric rings, which can be twisted relative to each other to provide the desired

amount of correction, is shown in Figure 7.3.   This procedure can be accomplished in a

matter of minutes once an initial calibration of the system is performed.  This procedure can

provide high precision balance for the tool and chuck system (assuming that the spindle rotor

has been trim balanced in two planes).  Disadvantages include some downtime of the

machine when a tool change is performed and some operator expertise in balancing.
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Figure 7.3 Balanceable CommandTM toolholder (eccentric ring system).

7.3.4 Automatic Trim Balancing

Automatic trim balancing (“balancing on the fly”) is a special case of  trim balancing

discussed above.  In this application the instrumentation is mounted and calibrated to the

particular spindle.  The instrumentation continuously monitors the vibration level of the

spindle housing, and when a balance correction is needed, the required weight is applied at

the required location on the chuck automatically.  The means of weight correction varies and

includes servo controlled weights in a balance ring, fluid injection in chambers on the chuck,

and automatic adjustment of balance rings using a magnetic control system.  Currently, the

use these systems is limited to rpms below about 20,000.

7.3.5 Self Balancing

 Self balancing involves a physical phenomenon which occurs above the first resonant

frequency of a rotor system. Above this “critical speed”, the “high side” and “heavy side” of

the rotor are 180 degrees out of phase, which provides the theoretical basis for self balancing.

A self balancing rotor must incorporate the provision for balancing weights that are able to
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move under the influence of the balance dynamics of the system. An example of such

movable balance weights are steel balls, constrained in a circumferential raceway on the

rotor. When the rotor operates below its first critical speed (rpm), the balance weights will

move to so called heavy side of the rotor and will in fact increase the unbalance in the rotor.

When the rotor is operated above its first critical speed, the balance weights will (in

principle) move to a location that tends to balance the rotor. Self balancing is used in a

variety of applications, however, this approach has not been successfully implemented for

high-speed spindles to date.

7.4 Balance Tolerances

Although some spindle manufacturers specify the maximum allowable spindle

housing vibration levels required to prevent bearing damage, they do not specify tool and

chuck balance tolerances or chucking error tolerances required to conform to these limits.

The allowable amount of unbalance is dependent on the details of the particular spindle

design, however, a typical rule of thumb for spindles operating below 20,000 rpm is 3

mm/sec housing vibration.  The amount of unbalance causing the 3 mm/sec vibration

response of the spindle housing is typically not specified.

A procedure for determining the required balance and centering error tolerance for

high-speed spindles was the subject of a Master of Science thesis by Roman Morris entitled

“Router Spindle Vibration Sensitivity Rating Systems”(Morris, R. 1994).  This study

described the procedure for determining the effect of a specific amount of unbalance can be

determined experimentally for a particular spindle design by using in place vibration

analysis, measurement, and balancing instrumentation. To perform the spindle vibration

sensitivity evaluation, the spindle/chuck system is fitted with a turned ground, and polished
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(TGP) rod with drilled and tapped holes for accepting balance weights. The spindle

evaluation procedure should be placed on a rubber pad on a rigid floor surface. This

procedure eliminates the effect of machine structural resonances and provides data that can

be related to permissible spindle housing vibration levels furnished by motor manufacturers.

A portable in place balancing instrument is utilized to trim balance the spindle / TGP rod

system, resulting in minimal vibration of the spindle housing. This trim balancing

compensates for both unbalance in the turned ground and polished rod (which is minimal) as

well as any centering error introduced by the chucking system, and any residual unbalance in

the spindle rotor. With the trim balanced case as a reference starting point, known amounts of

unbalance (ie. known weights at a known radius on the TGP are added).

Spindle vibration is then measured on the bearing housing at several speeds within

the operational speed range. The results of these tests can be used to construct vibration

sensitivity curves for the particular spindle design under evaluation. A typical family of

vibration sensitivity curves for a PerskeTM Type FRL spindle are shown in Figure 7.4. These

sensitivity curves form the basis for deriving relationships between permissible spindle

housing vibration and spindle rpm, tool unbalance, and tool weight / centering error.



142

Figure 7.4 Vibration sensitivity curves for PerskeTM spindle type FRL spindle (Morris,

R. 1994).

For an assumed maximum spindle vibration level (necessary to protect bearings from

premature damage), the sensitivity curves (Figure 7.4) can be used to construct tables

indicating the maximum permissible rpm for a given unbalance/centering error condition.

This is done by combining the vibration due to tool unbalance with the vibration due to

chuck centering errors, and consists of following steps.

7.4.1 Determining Spindle Vibration Due to Tool Unbalance

A curve fitting technique can be applied to the data points shown in Figure 7.4, which

results in an equation relating spindle vibration to unbalance and spindle speed. This equation

is then used to calculate the vibration resulting from a given unbalance at any spindle speed

for the particular spindle under investigation. The rpm at which the vibration predicted by the

equation (for a given unbalance) equals the prescribed maximum permissible vibration
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(horizontal line at 3 mm/sec in Figure 7.4) is the maximum permissible rpm for the selected

level of unbalance.

7.4.2 Determining Spindle Vibration Due to Tool Centering Error

Tool centering errors result in a displacement of the tool centerline from the axis of

rotation by an amount equal to one half the total indicator runout (TIR) of the tool. The

unbalance resulting from the centering error is calculated by (TIR/2) * (Tool Weight). This

unbalance is related to spindle housing vibration in exactly the same way as described in

Section 7.4.1.

7.4.3 Maximum Permissible Spindle Speed Tables

In order to construct maximum permissible spindle rpm tables, the rpm at which the

vibration resulting from the total unbalance (tool unbalance and unbalance caused by chuck

centering error) equals the maximum permissible level must be determined. Thus, the

maximum speed limit table assumes a worst-case scenario in which the unbalance adds

vectorially to the centering error. Hence, speed limit tables constructed in this way are

conservative.  The actual curve fitting, and various calculations can be performed easily

using a simple basic language interactive computer program. The sensitivity data is entered

into the computer, which then mathematically represents the curves using curve fitting

techniques.

The computer performs the various calculations necessary to construct tables relating

housing vibration, unbalance, centering error, tool weight, and rpm.  The results for a typical

spindle is shown in Table 7.1.
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Table 7.1 can also be used to determine accuracies (balancing and centering) required

for the particular spindle to run at full rpm. Examples of the use of Table 7.1 follow:

Example 1: Determination of permissible rpm for a given chucking error, tool weight, and

tool unbalance.

For a chuck centering error of 0.025 mm, a tool weight of 500 grams, and a tool unbalance of

15 gm-mm, the maximum rpm is found in the 0.025 mm runout section of the table (upper

right) where the 15gm-mm column and 500 gm tool weight row intersect, i.e. 14,600 rpm.

Example 2: Determination of required tool balance tolerance for operation at maximum

spindle rpm (18,000) for a given chucking error and tool weight.

For a chucking error of 0.025 mm and tool weight of 500 grams, the required tool balance

accuracy is the largest valued column which shows 18,000 at 500gm tool weight; i.e. 10 gm-

mm.

Tables such as Table 7.1 are not only useful in defining suitable machine operational

conditions, but can also serve as a basis from which router spindles of different designs can

be rated (evaluated) based on vibration sensitivity. This is an important consideration, since

purchase decisions involving CNC routers should also include information indicating the

level of precision to which tool unbalance and chucking accuracy must conform.
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Table 7.1 Maximum permissible spindle speed table (Morris, R. 1994).
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7.4.4 Balance Recommendations

For conventional spindles operating at less than 20,000 rpm, precision manufacturing,

including precision balancing, is usually sufficient to insure acceptable bearing life.

Achieving the necessary level of balance precision at speeds of 30,000 rpm and higher is

significantly more difficult. The level of spindle vibration which causes bearing damage

depends on spindle design, however, it increases nonlinearly with rpm. For an ISO G-1

balance precision, the allowable unbalance for a spindle assembly weighing 4.5 kg is less

than 5 gm-mm at 20,000 rpm and less than 2 gm-mm at 30,000 rpm. These tolerances are

extremely difficult to achieve. Balance errors associated with chuck balance, tool balance,

and tool centering in the chuck can be corrected by balancing the tool-chuck as an assembly

prior to installation in the machine for tool changed type chucks. If this is done, the accuracy

of the taper concentricity must still be less than 0.01 mm.  Pre-balancing of the tool-chuck

assembly is not possible for non-tool changer type chucks. For these cases, the chucking

error for a 19 mm diameter solid carbide router tool is a maximum of 0.01 mm for operation

at 30,000 rpm.

Clearly, unless extremely high precision centering and balancing tolerances are used

for all tool-chuck-spindle components, the required level of balance precision cannot be

realized. In high precision grinding applications where this same problem exists, it is

addressed by in-place balancing of the whole assembly or the use of more sophisticated on-

line balancing systems. It is anticipated that a similar approach will be required for high-

speed CNC routers as speeds move beyond 30,000 rpm.
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7.5 Critical Speed Issues For Spindles, Chucks, and Tools

Pursuing high-speed machining on CNC routers involves increasing rpm to maintain

an acceptable feed per tooth.  The alternative approach of increasing the number of flutes on

the router cutter to maintain an acceptable feed per tooth would involve a significant increase

in tool diameter; which is not feasible due to power consumption and material waste

considerations.  Operating at increased rpm also presents spindle design issues as well as

safety issues.  A serious vibration problem occurs when spindles are operated at a rpm

approaching a natural (resonant) vibrational frequency.  This natural frequency may be

associated with the spindle itself (the spindle rotor/bearing system including the attached

tool/chuck weight) or may be associated with natural frequencies involving the mounting of

the tool in the chuck and/or the chuck attachment to the spindle.  At or near a natural

frequency, vibration levels increase dramatically and the potential for catastrophic failure is

high.  These failures may include bearing failure, tool shank failure and, retention knob

failure (for tool changer chucks).

Numerous factors influence these natural frequencies, including details of the spindle

design (shaft, bearings, etc.), the chuck design (and details of chuck attachment to the spindle

for tool changer type chucks), and the tool design and method of tool shank clamping to the

chuck.  The spindle system should be designed such that the first natural frequency (critical

speed) is well above the rated rpm of the spindle with the maximum weight chuck/tool

assembly installed.
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The prediction of spindle natural frequencies based on rotor geometry and bearing

system design has been addressed in previous research conducted at the NC State University

Wood Machining & Tooling Research Program.  This research has involved the use of

several computer programs, including ANSYSTM finite element analysis software and the

A.B. Jones (Jones, R.M. 1994) rotor bearing software.  The precise location of resonant

frequencies is important since the first spindle rotor bearing system natural frequency (with a

chuck/tool attached) should be greater than the maximum operational rpm of the spindle. The

inclusion of the chuck and tool weight is also an important consideration, since the first

rotor/bearing system natural frequency is reduced considerably as chuck/tool weight is

increased.

The current research is focused on the cutting of upholstered furniture parts from

sheets of plywood.  This application is characterized by very high feed rates accompanied by

high torque requirements placed on the tool and toolholder (chuck).  Due to the nature of the

operation, relatively small diameter, high performance (solid carbide) tools are typically

utilized.  Due to tool breakage issues associated with solid carbide tools, the tool diameter

cannot be less than about 1/8 inch diameter and not greater than ½ inch diameter (due to

power consumption issues), and is usually limited in overall length to 4 inches or less.  These

tools tend to be lightweight, relatively short, and must be securely held in the chuck to

prevent slippage of the tool.  This set of circumstances usually precludes the possibility of

reaching a tool produced resonance frequency for spindle rpm capabilities up to 30,000,

however, there are instances where larger tools are used on HSM capable machines.  In these

instances, extreme care must be taken to avoid operation of the spindle at rpms near

tool/chuck system natural frequencies.
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In order to investigate the possibility of natural frequencies of the tool as mounted in

the chuck (collet or other type) which may be within the operational rpm range of the

spindle, a combined experimental and computer modeling approach was undertaken in this

research.

Figure 7.5 shows a finite element analysis (FEA) computer model representation of

an experimental arrangement used to simulate a spindle/chuck/tool assembly.  This model

simulates a spindle with a very high rotor/bearing system natural frequency (to eliminate

rotor resonance effects) and facilitates evaluation of lower frequency resonances associated

with the chuck taper interface and the method of holding of the tool in the chuck.

Figure 7.5  ANSYS ™ finite element spindle/chuck/tool model.
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Figure 7.6 is an illustration of a hypothetical frequency response for the experimental

arrangement shown in Figure 7.5 when subjected to an impulse load.  Two peaks are shown

in this figure; the peak at 30,000 rpm corresponds to the first system natural frequency

(governed by vibration of the chuck taper interface), while the peak at 10,000 rpm

corresponds to the first natural frequency of the tool as mounted in the collet type chuck.  For

a real spindle, the natural frequencies of the rotor/bearing system (with the chuck and tool

attached) would also be present in the spectrum alongwith the unbalance (rotational)

frequency.

Figure 7.6 Illustration of vibration response spectrum for chuck and tool assembly.

An example of the utility of the FEA program is shown in Table 7.2 for a

conventional collet type chuck.  In this example, the FEA program was used to calculate the

natural frequency of various tool arrangements as a function of overall tool length, tool shank

diameter, and weight of attached mass (cutter) on the end of the shank.
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Table 7.2 Natural frequencies for tools mounted in typical collet type chuck (as
predicted by ANSYSTM).

Figures 7.7 and 7.8 show the effect of tool shank diameter, tool length, and attached mass

(tool mass) on natural frequency for a collet type chuck.  Figure 7.7 shows the predicted

reduction in natural frequency with increased tool shank length and reduced tool shank

diameter.  Figure 7.8 shows the ANSYSTM predicted effect of cutter mass (attached to the

end of the tool shank) on the tool-chuck system natural frequency.

1/4 3/8 1/2 5/8 3/4

3.5 0 612 731 869 992 892
3.5 4 128 230 355 489 509
3.5 8 92 167 262 369 393
3.5 12 75 137 217 308 332
3.5 16 65 120 190 270 293
4 0 463 552 643 667 700
4 4 103 185 280 399 418
4 8 74 135 208 311 326
4 12 61 111 173 244 276
4 16 53 98 157 223 244

4.5 0 363 446 537 618 566
4.5 4 86 157 244 335 351
4.5 8 62 115 182 256 276
4.5 12 51 95 151 215 235
4.5 16 44 83 133 189 208
5 0 292 363 439 508 468
5 4 73 134 208 285 300
5 8 52 98 156 220 238
5 12 43 81 130 185 203
5 16 37 71 114 163 180

Diameter of tool shank (in)Tool Length 
(in)

Attached 
Weight (oz)

 NATURAL FREQUENCY in Hz. (ANSYS MODEL)
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Figure 7.7 Effect of tool length on natural frequency for different tool diameters
(no cutter attached to end of tool shank) (ANSYSTM prediction).

Figure 7.8 Effect of tool length on natural frequency for different cutter weights
(cutter attached to end of tool shank) (ANSYSTM prediction).

The data shown in Table 7.2 and Figures 7.7 and 7.8 is based on a number of

assumptions made in the ANSYSTM program.  These assumptions relate primary to the

details of contact between the chuck and the spindle taper and the tool shank and the collet

system.  The ANSYSTM model was “fine tuned” using experimental results from the test

apparatus shown in Figure 7.9 to improve the model accuracy.
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Figure 7.9  Experimental apparatus used to “fine tune” ANSYSTM  prediction program

The experimental arrangement shown in Figure 7.9 facilitated the measurement of

tool/collet natural frequencies for different diameters of tools using various types of collet

chucks and chuck taper interface natural frequencies for various tapers and retention force

values.  The measurements of natural frequency were made via the impulse-response method

using a triggered Fast Fourier Transform (FFT) spectrum analyzer.  The vibration frequency

response spectrum resulting from an impact reveals the natural frequencies of the system;

while the time history is indicative of relative damping of the system (via vibration decay

rate measurement), as shown in Figure 7.10.

Figure 7.10 Frequency response spectrum (left) and time signal decay (right) for tool
mounted in collet type chuck (impulse-response method).

ISO 30 Taper collect Belleville
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8.  EVALUATION OF SPINDLES, CHUCKS, AND TOOLS FOR HIGH-
SPEED, HIGH-POWER APPLICATIONS ON CNC ROUTERS

8.1 Introduction

This chapter addresses the evaluation of selected spindles, chucks, and tools for high-

speed, high-power machining on CNC routers. The designs selected for evaluation were

based on the results presented in Chapter 5 (prediction of power, torque, and forces), Chapter

6 (current technology for spindles and chucks), and Chapter 7 (vibration/dynamics issues

associated with spindles, chucks, and tools).

8.2 Evaluation of Conventional CNC Router Spindles

Spindle power, torque, and efficiency are key issues affecting the cutting load a

spindle can be subjected to without experiencing electrical overload and associated heat

related problems.  Due to the severity of heat related problems involved in high-speed, high-

power CNC router spindle applications, it has become necessary to carefully evaluate the

efficiency of high-speed CNC router spindles.  Conventional motor manufacturers routinely

utilize dynamometers to evaluate high-speed spindle performance.  These devices typically

involve the attachment of the high-speed spindle shaft to another electric motor which can be

used to apply a known load to the high-speed spindle motor while power, torque, etc. is

measured.

Dynamometers for use in evaluating high rpm, high-power spindles are typically

limited to rpms below 20,000, tend to be very expensive, and are often custom designed by

motor manufacturers. These systems require that the spindle be removed from the machine

and mounted on a special test stand.  For spindles having special high frequency drive
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systems, oil lubricated bearings, and liquid cooling systems, removal of the spindle is a major

inconvenience.  In view of this, the design of portable systems for evaluating motor (spindle)

performance was explored in this research.

One of the approaches for evaluating spindle motor efficiency and power/torque

characteristics used in the current research involves measurement of electrical power draw of

the spindle along with simultaneous monitoring of the reduction in spindle rpm that occurs as

the spindle is loaded.  The measurement of rpm was accomplished by the use of a photocell

which is able to detect instantaneous reductions in spindle rpm.  Electrical power

measurement was via a Load Controls TM power transducer, which measures current and

voltage and power factor for each leg of the three phase circuit.  The experimental

arrangement is shown in Figure 8.1.

Figure 8.1 Experimental apparatus for measuring spindle power draw and
corresponding reduction in spindle rpm.
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Figure 8.2 shows a typical time history of the power consumed during cutting for a

conventional CNC router spindle and the accompanying reduction in rpm during the cut.  As

the tool approaches the workpiece, the spindle is running at idle (no load) power

(approximately 1 horsepower) and idle rpm (18,000 rpm in this case).  As the tool enters the

cut, the power increases and the rpm decreases and eventually levels off until the cut is

completed.

Figure 8.2 Time history of spindle power and rpm during cutting (LabviewTM screen

In this particular case, the power consumption was approximately 20 horsepower and

the reduction in rpm was approximately 225.  Table 1 shows the power consumption and

associated reduction in rpm for cuts performed at several feed speeds on the CNC router.

Table 8.1 Power consumption and spindle rpm drop as a function of feed speed

Test Feed Speed
(in/min)

Power (HP) Initial RPM Loaded RPM Change in RPM % Change in
RPM

1 1000 6 18000 17900 100 0.56%
2 1500 10 18000 17900 100 0.56%
3 2000 12.5 18000 17850 150 0.83%
4 2500 15.5 18000 17825 175 0.97%
5 3500 20 18000 17775 225 1.25%
6 4000 22 18000 17775 225 1.25%
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The experiments were continued under increasing power consumption until motor

“stall” conditions occurred, as shown in Figure 8. 3.  Under stall conditions, the power

consumption exceeds the motor capacity and the spindle comes to an abrupt stop.

Figure 8.3 Time history for spindle “stall” cutting condition (Labview TM screen).

The data shown in Table 8.1 and the power reading corresponding to the “stall”

condition can be used to obtain a rough estimate of the efficiency of the spindle ( Kueck, J.D.

et.al 1996) as well as the upper limit of available power consumption for the spindle. The

particular spindle evaluated in this test was an Accu-Router TM XR15 spindle which is rated

at 15 horsepower.  The data shows the spindle to be operating satisfactorily up to 15

horsepower at 18,000 rpm.  Below approximately 12 horsepower, the motor rpm reduction is

minimal and is indicative of no overload or overheating conditions due to excessive motor

slip.  Above 15 horsepower, the increased rate of slow down of the spindle is indicative of
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excessive heat generation and the spindle could not be expected to operate satisfactorily

above 15 horsepower for sustained periods of time.

8.3 Comparison of Conventional Spindle to a High-Speed, High-Power
IBAGTM Spindle

A high-speed, high-power spindle designed specifically for high-speed machining of

stacked plywood sheets found in upholstered furniture manufacturing was supplied for this

research by the  IBAG TM Spindle Company of Zurich, Switzerland.  IBAG TM is one of the

worlds pre-eminent high-speed spindle manufacturers.

The  IBAGTM spindle design was based on power and torque information resulting from

high-speed machining studies conducted over the course of the present work.  This work (as

reported in Chapter 5) indicated that feed rates exceeding 2000 inches per minute in plywood

(1.5 inch thickness) are achievable if adequate spindle power, spindle torque, and tool

holding systems are available.  The spindle power draw at 2000 inches per minute for 1.5

inch thick plywood exceeds 25 horsepower and the required rpm exceeds 30,000 (in order to

maintain the feed per tooth and surface quality needed).  The design and manufacture of

spindles in this rpm and power range is extremely demanding, requiring close tolerance and

special provisions for heat removal and bearing lubrication.  The toolholder connection

chosen for the IBAGTM spindle was the HSK 63F design.  The basic spindle design features

are indicated in Table 8.2 and a schematic drawing of the spindle is shown in Figure 8.4.

Table 8.2  IBAGTM spindle design parameters

• 43 horsepower (peak)/35 horsepower (continuous) spindle power
• 75 inch-pounds torque @ 35,000 rpm (continuous)
• Variable spindle rpm from 300 to 35,000
• Liquid cooled bearing housings (with thermal/overload protection)
• ABEC precision grade 9 angular contact hybrid ceramic ball bearings with
• through the race lubrication
• HSK 63F (DIN69893) high precision/high torque toolholder
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Figure 8.4  Diagram of IBAGTM type HF 170 high-speed, high-power CNC router
spindle.

The power and torque performance of the IBAGTM HF170 35,000 rpm spindle is

compared to a conventional 18,000 rpm spindle in Figure 8.5.

Figure 8.5 Comparison of power and torque performance for IBAGTM high-speed,
high-power 35,000 rpm spindle and conventional 18,000 rpm spindle.
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The IBAGTM spindle design was successfully demonstrated on an Accu-Router TM

high-speed CNC router machining centering at the 2002 International Woodworking Fair in

Atlanta, Georgia in August, 2002.  The high-speed, high-power IBAG TM spindle, in

conjunction with an ETP TM HSK 63F hydro-mechanical tool holding system (chapter 6), and

a specially designed solid carbide cutting tool was able to cut double stacked 3/4 inch thick

plywood at feed speeds exceeding 1500 inches per minute, making the machine the fastest of

its type in existence.

8.4 Evaluation of Toolholder Systems for High-Speed, High-Power
Machining

High-speed, high-power machining operations on CNC routers can draw well in

excess of 20 horsepower, which results in high levels of torque applied to the tool and chuck

system.  Recent developments in high-speed, high-power spindle design for CNC routers

have resulted in spindle designs with power capabilities exceeding 35 hp at 30,000 rpm,

which can easily exceed the torque transmission capabilities of many conventional

woodworking chucks.  Most conventional CNC router spindles employ tool changer type

chucks which consist of a cone shaped portion of the chuck which is held in place in a

corresponding taper inside the nose of the spindle by a retention knob system(held by a

drawbar inside the spindle), as shown in Figure 8.6.

 Figure 8.6 Photograph of ISO30 taper chuck with collet type toolholder.
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The chuck system shown in Figure 8.6 allows automatic tool changers to be utilized

to remove a tool/chuck assembly and replace it with a different tool/chuck assembly as part

of the machining cycle.  These chuck assemblies incorporate a system for holding the tool in

the chuck, so that in analyzing the torque transmission requirements, both the chuck-spindle

interface and the tool-chuck interface must be considered.  Depending on the particular

design of the chuck-spindle interface and the tool-chuck interface, either interface may be the

weak link in the system (which is unable to transmit the required torque resulting in

slipping).  When slipping occurs, the cutting process is interrupted and tool breakage usually

occurs along with damage to the mating surfaces.

Typical tapered cone designs for CNC routers are in the BT 30 size range and have

relatively low torque transmission capability.  When damaged or improperly maintained

and/or dirty, these designs produce considerably less than the rated torque transmission

performance. Typical toolholding systems are the collet type systems which also have limited

torque transmission capabilities, especially for the small diameter tools often used for high-

speed, high-power machining.

Limited data is available on the torque transmission characteristic of 30 taper cones

and collet tool grippers, especially for small diameter tools.  In order to gain insight into the

torque capabilities of the 30 taper-collet type chucks commonly used in woodworking

applications, a simple static experiment was devised which uses a “dummy” spindle with a

30 taper collet type chuck held in place by a simple spring loaded (variable force) drawbar.

The experimental system is shown in Figure 8.7.
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Figure 8.7 Test stand for evaluating static break-away torque.

Static break away torque values for a typical 30 taper cone-spindle interface are

shown in Figure 8.8 for several different drawbar retention force values.  The values shown

in the figure are based on test results for a typical chuck.  These values are highly dependent

on the mating between the tapers and cleanliness and surface quality of the mating surfaces.

Figure 8.8 Effect of retention force on static break-away torque for 30 taper chuck-
spindle interface.
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Static break-away torque values for a tool held by a typical conventional collet type

toolholder are shown in Figure 8.9 for several different tool shank diameters. The values

shown in the figure are based on test results for a typical collet type chuck.  These values are

highly dependent on the method of tightening of the collet nut, the length of tool shank

engaged in the collet clamping area, and the true diameter of the tool shank as compared to

the nominal (design) inside diameter of the collet.

Figure 8.9 Effect of tool shank diameter on static break-away torque for collet type
chuck.

The required torque transmission capabilities for high-speed, high-power CNC router

operations is covered in detail in Chapter 5.  For purposes of analyzing chuck performance,

the average torque applied to the chuck for a given operation was determined from the router

performance guide described in Chapter 5.  This program provides information on power

consumption as well as instantaneous and average cutting forces and torque for specific

(input) cutting conditions.  Figure 8.10 shows an example of the router program output for a

high-speed, high-power cut using a two flute straight cutter.
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Figure 8.10 Router performance guide results for high-speed, high-power cut using 2-
flute straight cutter.
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As shown in Figure 8.10, the torque acting on the toolholder is impulsive; with very

large peak values compared to the average torque (the average torque (T) measured in (in-lbf)

is computed from the average horsepower (HP) consumption using the simple shaft formula

T = HP*63025/rpm).  To account for impulsive loading, the average torque values computed

from average power values must be adjusted (for this case the adjustment is approximately a

factor of 2 for straight flute cutters). In addition to the adjustment for peak torque, the fact

that impulsive (dynamic) loading reduces the torque transmission capabilities of the chuck

must be taken into account.   The required factor of safety for dynamic loading is also taken

as 2 for this application.  The effect of these considerations leads to a de-rating of collet type

chucks by as much as a factor of 4 for straight flute cutters.

In the case of high-speed, high-power CNC routing, helical tools are typically utilized

to smooth out force pulsations and aid in chip exhaust.  For these tools, the total factor of

safety can be reduced back to 2 since the impulsive loading is much less and the average

torque is much closer to the peak torque. Figure 8.11 shows the forces and torques for a 1/2

inch diameter up-spiral helical cutter in a 1.5 inch buried (parting) cut at a feed rate of 2000

inch/min and 18,000 rpm.  For this case, the torque and force pulsations are virtually

eliminated.
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Figure 8.11 Router prediction program results for high-speed, high-power cut using
helical cutter.
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Figure 8.12 shows the average power and torque required (predicted) as a function of feed

speed for a typical high-speed (18,000 rpm) application.

Figure 8.12 Effect of feed speed on power and torque requirements for high-speed,
high-power cut (1/2” diameter cutter, 2 sheets of ¾” thick plywood, 18,000 rpm).

The torque load at 2500 inches/minute feed rate is seen to exceed 80 in-lbf based on

Figure 8.12.  When the factor of safety of 4 is applied to account for impulsive loading and

peaks in the torque-time history (for straight flute cutters), this 80 in-lbf is equivalent to over

300 in-lbf, which is close to the typical breakaway torque of the 30 taper spindle interface.

In addition to the marginal torque transmission capabilities, conventional 30 taper

chucks with collet type tool holding systems do not locate the tool sufficiently accurately to

avoid unbalance problems.  The errors in mating also results in excessive cutting edge run-

out, which produces vibration, accelerated tool wear, and poor surface quality.
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In view of the limitations (torque transmission and accuracy) of conventional BT 30

taper- collet type chucks for high-speed, high-power CNC routing operations, alternative

chuck designs, including the HSK  interface and the hydro-mechanical tool holding systems

(shown in Figure 8.13) were evaluated.  The torque transmission capability of a 63 F HSK

chuck (at the specified retention force of 2000 pounds) and an ETP TM hydro-mechanical

chuck (for a 1/2 inch diameter tool) is shown in Table 8.3.

Figure 8.13 Hydro-mechanical type chuck with HSK spindle connection.

Table 8.3 Torque transmission capability of HSK 63F tool-holder connection and
hydro-mechanical tool holding system.
Type of Connection Torque Transmission Retention force

HSK 63F Interface 6930 in-lbf  (783 N-m) 2300 lbf  (10kN)

Hydro-Mechanical Interface 857 in-lbf (99 N-m)
(1/2”tool diameter)

Not applicable

The torque transmission capabilities of both the HSK chuck-spindle interface and the

hydro-mechanical tool-chuck interface are seen to be well above the required torque

transmission for current day high-speed, high-power CNC routing, (including the 35

horsepower- 35,000 rpm IBAG TM spindles).  In addition to improved torque transmission

capability, these systems center much more accurately at the chuck-spindle interface and at
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the tool-chuck interface, resulting in improved balance, improved surface quality, and

improved tool life.  In addition to these benefits, the hydro-mechanical chuck introduces

damping at the tool-chuck interface, which helps control tool vibrations and chatter during

cutting.

8.5 Evaluation of Tool Design for High-Speed, High-Power Machining

Selection of the proper tool for high-speed machining applications is also of critical

importance. Like chucking systems, there is tremendous variation in the quality of tools. Tool

accuracy, balance, cutting edge quality, strength, and sharpness are among the factors that

have a dramatic impact on the ability to machine at high-speed. Tool geometry for CNC

router applications varies greatly and includes straight flute cutters, helical cutters, helical

compression cutters (consisting of both right and left hand helical cutting edges) and chip-

breaker type cutters for roughing cuts. Many tooling problems result from vibration caused

by accuracy problems associated with tools, chucks, and other removable components, which

are typically beyond the control of the machine or spindle manufacturer.

Some critical factors that are to be considered in tool design for HSM are listed below;

and important tool design compromises are discussed in the following section.

• Tool diameter
• Number of flutes on the cutting tool
• Edge geometry
• Transverse rupture strength
• Tool edge wear characteristics
• Dynamic/natural frequency characteristics
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8.5.1 Tool Design Compromises

Tool Diameter ---- Too large a diameter tool requires excessive power and wastes material ...

too small a tool diameter results in excessive tool breakage.   The best compromise tool

diameter for high-speed, high-power cutting of plywood parts from sheets for furniture

components has been determined to be 1/2 inch.  This size is commonly available and

represents a good compromise between power draw and tool breakage for cutting speeds up

to about 2000 inches/minute on machines equipped with high-speed, high-power spindles.

 Number of Flutes on the Cutting Tool ------Too many flutes results in a restricted gullet area

– too few flutes results in an excessively high feed per tooth.  A large feed per tooth causes

surface quality problems, while a small a feed per tooth has been reported to cause

accelerated tool wear in some cases. The optimum number of flutes on the cutting tool has

been determined to be 3 flutes for a 1/2-inch diameter cutter.  This is the maximum number

of flutes recommended (to maintaining adequate gullet area) and is also the minimum

required to maintain the feed per tooth required.

Cutting Edge Geometry ------Straight flute cutters result in excessive impact; typical spiral

cutters improve the cut on one surface (side) but degrade the cut on the other surface; and

compression spiral cutters lack the necessary strength for high-speed machining.  A slow (10

degree) up-spiral helical tool geometry appears to work well based on gullet size, chip flow

considerations, and overall surface quality (top and bottom of sheet) considerations.  High

helix angle cutters produce less force fluctuation but cause excessive ‘blowout’ of the

workpiece on either the top or the bottom surface (depending on up-spiral or down-spiral).

The low spiral angle also results in minimal lifting of the work piece and provides a shorter

total chip exhaust path, which is beneficial in removing chips from the cutting zone.  The
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cutting tool should have a flute length of 1-5/8 inch (for cutting 2 stacked sheets of 3/4 inch

plywood) and should have a 1-3/4 inch long “smooth” section of shank for insertion into the

chuck.  The preferred edge geometry is the chip-breaker style in cases where surface quality

issues are not critical.  The chip-breaker design results in less power consumption and

improved chip exhaust.

8.5.2 Experimental Evaluation

This research identified a compromise tool design that has proven successful in high-

speed, high-power CNC routing operations (for spindles with at least 15 horsepower and

18,000 rpm).  The tool design (shown in Figure 8.14) is a 1/2-inch diameter, solid carbide,

slow (10 degree) up-spiral, 3 flute chip-breaker tool.  This tool has been tested extensively

and has been found to provide excellent cut quality at extremely high feed rates, without

breakage.  These results are indicative of relatively low cutting forces and adequate chip

removal from the cutting zone, which is attributed to the cutting edge design, the low helix

angle (up-spiral), and the relatively low feed per tooth (3 flute design).

Figure 8.14 Optimized tool used in high-speed machining research.

The results of tests of the tool on a machine equipped with an Accu-RouterTM XR15

(18,000 rpm, 15 horsepower (rated)) spindle are shown in Figure 8.15.  The surface quality in

all cases was judged to be excellent and exhibited virtually no “blow out” of the top surface.
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Figure 8.15 shows power consumption in excess of 20 horsepower at high feed speeds for the

15 horsepower (rated) Accu-RouterTM XR 15 spindle.  Clearly this is excessive for the XR15

spindle and could not be sustained over long periods of continuous cutting.  This high-power

level also results in high torque at the chuck/spindle interface for the ISO 30 taper collet type

chucks used in the laboratory tests (torque in excess of 85 in-lbf is produced for the 25

horsepower, 2000 inch per minute cut).   Slippage at the chuck-spindle interface under high

loads (along with motor “stall”) was the limiting factor in the laboratory experiments and was

the primary cause of tool breakage under high-power consumption conditions.  These issues

are being addressed through the use of HSK chuck-spindle interface designs.

Figure 8.15 Power consumption as a function of feed rate for ½ inch diameter, 3 flute
tool (2 sheets of 3/4 inch thick plywood, 18,000 rpm).
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The power consumption shown in Figure 8.15 is less than for conventional non-chip breaker

type spiral edges, resulting in higher attainable feed rates.  The tool material used for this

cutter is solid carbide (4% binder, fine (“micro”) grain).   This grade provides good

resistance to breakage combined with reasonably good tool wear characteristics for plywood

materials.  The tool has no coating of any type (coatings are being evaluated in related

research project but have not yet proven effective).  The surface quality produced at 2000

inches/minute for this tool (sharp tool operated at 18,000 rpm) was judged to be excellent for

plywood furniture part applications.
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9. CONCLUSIONS AND FUTURE WORK

This research addressed the problems in implementing high-speed machining

technology for CNC routers used in the manufacture of upholstered furniture components.

This research included an investigation of the economic advantages of high-speed machining,

which resulted in the development of computer program for comparing part cost for high-

speed machining versus conventional machining.

The research also included an experimental analysis of the effect of various

machining parameters on spindle power, torque and cutting forces, which resulted in the

refinement of an existing power, force and torque prediction computer program. Predictions

of cutting forces were verified using a table top dynamometer.

A substantial effort was devoted to assessing the “state of the art” for high-speed

spindles, chucks, and tools. This assessment included an experimental evaluation of several

spindle and tool holding systems as well as the development of power and torque

requirement specifications for high-speed, high-power CNC router applications.

The overall objective of this research was to extend the knowledge base for high-

speed, high-power machining on CNC routers. It is believed that this objective was

accomplished, however, a great deal of work remains to be done for high-speed CNC routing

operation to realize their full potential. As specific problems, such as spindle power / torque

and toolholder capacity and accuracy are overcome, new limiting factors will emerge in areas

such as control speed, machine rigidity, axis drive speed / power, etc. As these problems are

successfully addressed, the issue of spindle speed, power, and tool holding / tool design will

re-emerge as the limiting factors. In addition, the important areas of spindle and tool life,
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which were not addressed in this work, are of key importance to progress in high-speed

machining on CNC routers and will require a great deal of attention in the near future.
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APPENDIX 1

LABVIEWTM PROGRAM CODE FOR ROUTER ECONOMIC
CALCULATION PROGRAM
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APPENDIX 2

EXAMPLE RUNS OF ROUTER ECONOMIC CALCULATION
PROGRAM
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Table A2.1 Cutting Conditions for Example Cases (Figures A2.1 –A2.11)

Reference Case

Machining Feed Speed (in/min) 1000

Rapid Travel Speed (in/min) 2000

Table Configuration high speed shuttle table

Number of Operators 2

Machine Cost $300,000

Power Cost per Shift $40

Tool Cost per Shift $40

Maintenance Cost per Shift $40

Labor Cost per Shift $560

Raw Material Cost per Sheet $10

Number of Sheets per Load 2

Number of Parts per Sheet 32

Average Perimeter of Part 36 inches

Example Cases

Cutting Conditions for Figure A2.2 Same as reference case except the perimeter of the part is 72 inches and

the parts per sheet is 8

Cutting Conditions for Figure A2.3 Same as reference case except the perimeter of the part is 18 inches and

the parts per sheet is 128

Cutting Conditions for Figure A2.4 Same as reference case except the High Speed Machine Cost is $500,000

Cutting Conditions for Figure A2.5 Same as reference case except the High Speed Machine Cost is $200,000

Cutting Conditions for Figure A2.6 Same as reference case except the feed speed for High Speed Machine is

500 in/min.

Cutting Conditions for Figure A2.7 Same as reference case except the feed speed for High Speed Machine is

1500 in/min

Cutting Conditions for Figure A2.8 Same as reference case except the Table configuration is Dual Table

Cutting Conditions for Figure A2.9 Same as reference case except the Table configuration is Single Table

Cutting Conditions for Figure A2.10 Same as reference case except the number of sheets per load is 1

Cutting Conditions for Figure A2.11 Same as reference case except the number of sheets per load is 3
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Figure A2.1 (Reference Case): 12” diameter – 36” perimeter – 32 parts per sheet
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Figure A2.2 Larger part:  24” diameter - 72” perimeter - 8 parts per sheet
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Figure A2.3 Smaller Part: 6” diameter - 18” perimeter - 128 parts per sheet
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Figure A2.4 Cost of Machine (high speed machine) - $500,000
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Figure A2.5 Cost of Machine (high speed machine) - $200,000
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Figure A2.6 Feed Speed (high speed machine) – 500 in/min.
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Figure A2.7 Feed Speed (high speed machine) - 1500 in/min.
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Figure A2.8 Table Configuration (high speed machine) - Dual Table
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Figure A2.9 Table Configuration (high speed machine) - Single Table
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Figure A2.10 Number of sheets per load (high speed machine) – 1
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Figure A2.11 number of sheets per load (high speed machine) - 3


