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ABSTRACT

 Manufacturers are increasingly looking at ways to reduce operating costs through energy 

savings. While research has been done to identify energy usage throughout a facility--such as 

lighting, computers, heating and cooling--very little research has been done on reducing the 

energy consumption of manufacturing equipment. Sample literature review shows the bulk of 

research on equipment is for tip energy, the energy when a tool makes contact with a work piece. 

This excludes the energy of all the machine’s background processes: motors, pumps, fans, etc. 

Several models have been created to predict the energy usage of a machine including both the tip  

energy and the energy of the background processes; however, these models are experimental 

laboratory studies. The purpose of this thesis is to collect and analyze real-time data of 

manufacturing equipment in a production setting. Real-time data is important to understand 

energy consumption at the machine level and the product level. This thesis reports on a method 

to collect and analyze real-time manufacturing equipment energy data for a simple part. It also 

reports on the use of that data to validate the uplci method to estimate the energy consumed for a 

part using three uplci’s: turret punch uplci, brake forming uplci and drilling uplci. A data logger 

recorder was connected to each machine to record the energy usage as it produced parts. This 

data was then broken down into energy modes and analyzed. The results for each machine 

showed how the machine utilized energy as it produced parts. The real-time data did not validate 

the uplci calculations; however, the method to collect the real-time data was proven and shown 

to be easily repeatable by manufacturers. This research provides a solid method for 

manufacturers to use to identify areas to reduce their energy costs through improved production 

scheduling and CNC programming.
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PREFACE

 As consumers become more environmentally aware, they are asking questions about the 

impact of the products they buy: how the products are made, where they are made, and how the 

manufacturing affects their environment. An example of a company’s response to these questions 

is the web site of clothing company Patagonia. They have created Footprint Chronicles, which 

allows the user to follow a product’s life cycle from product design to distribution. They state 

that, “We bear ultimate responsibility for the social and environmental cost of every Patagonia 

product no matter where incurred, just as we’re responsible for every product’s quality and 

performance.” 

 For each product listed on their site, five measures are shown: energy consumption, 

distance traveled, carbon dioxide emissions, waste generated, and water consumption. For 

example, if the product selected is a pair of organic cotton jeans, the energy consumption 

measures 52 kWh from fiber to delivery, the distance traveled is 14,300 miles, the CO2 emissions 

are 62 pounds, the waste generated is 82 ounces, and the water consumption is 174 liters. In 

addition, there is also an interactive world map with pinpoints on the main stops in the product’s 

journey. Using the pair of organic cotton jeans as an example, it shows that they are designed in 

California, the cotton fiber is from India, the sewing is completed in Mexico, and they are sent to 

Nevada for distribution. 

 Patagonia’s efforts are monumental in a manufacturing industry that historically has not 

been focused on the environmental impact of their products. The manufacturing industry has 

been slow to respond to the call for environmental responsibility; only recently has hexavalent 

chromium been regulated, as has wastewater treatment, volatile organic compounds and other 

hazardous materials. The particular manufacturer examined in this paper is an aircraft company. 
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They have had problems in the past, such as needing a fire station built next door because of 

recurring magnesium fires, or repeated complaints from surrounding neighbors about the noise 

pollution. They have metal plating in one of their facilities, including chromium plating, as well 

as several paint facilities that require respirators. It should be noted, however, that they have 

done significant work to eliminate VOC-emitting methyl ethyl ketone (MEK) solvent and 

improved their wastewater treatment facility to award-winning status. 

 Patagonia’s research and web site was the inspiration for this high-end aircraft 

manufacturer to strive to provide the same valuable information to its customers for each of its 

products. Through a Sustainability Initiative, this manufacturer had evaluated four of the five 

measures that Patagonia did: distance traveled, carbon dioxide emissions, waste generated, and 

water consumption. These items were benchmarked and are measured on a yearly basis. What 

remained to be addressed was the use of energy in their production facilities, specifically the 

energy at the product level. 

vii



TABLE OF CONTENTS

Chapter                                                                                                                                       Page

1. ...............................................................................................................INTRODUCTION          1

1.1. ................................................................................................................Motivation         1
1.2. ....................................................................................................Literature Review          2
1.3. ...................................................................................................Problem Statement         4
1.4. ................................................................................................................Objectives          5
1.5. ..................................................................................................Outline of Chapters         6

2. .............................................................................................................UPLCI DATABASE          7

2.1. ....................................................................................................................Purpose           7
2.2. ...........................................................................................................uplci Method           7

3. ..........................................................................................................................METHOD           11

3.1. ..................................................................................................Product Selection          11
3.2. .................................................................................................Production Process         12
3.3. ..........................................................................................Collecting Energy Data        12
3.4. ...........................................................................................Analyzing Total Power        14
3.5. .....................................................................Analyzing Individual Energy Modes       15
3.6. ..........................................................................Analyzing Family Energy Modes       17
3.7. ................................................................................Validating the uplci Database        17
3.8. ...................................................................Application to Production Equipment      18

4. ....................................................................................................CNC TURRET PUNCH         19

4.1. .............................................................................................Equipment Operation         19
4.2. ..................................................................................................Production Setting         21
4.3. ..........................................................................................Energy Data Collection        23
4.4. ............................................................................................Energy Data Analysis         24
4.5. ......................................................................................................uplci Validation         28

viii



TABLE OF CONTENTS (continued)

Chapter                                                                                                                                       Page

5. ........................................................................................HYDRAULIC PRESS BRAKE         32

5.1. .............................................................................................Equipment Operation         32
5.2. ..................................................................................................Production Setting         33
5.3. ..........................................................................................Energy Data Collection        35
5.4. ............................................................................................Energy Data Analysis         36
5.5. ......................................................................................................uplci Validation         38

6. ..................................................................................................................CNC ROUTER          42

6.1. .............................................................................................Equipment Operation         42
6.2. ..................................................................................................Production Setting         43
6.3. ..........................................................................................Energy Data Collection        45
6.4. ............................................................................................Energy Data Analysis         45
6.5. ......................................................................................................uplci Validation         49

7. ..................................................................................................................CONCLUSION          53

7.1. ..............................................................Calculating Energy at the Product Level       53
7.2. ................................................................................Validating the uplci Database        56

8. ............................................................................................FUTURE IMPROVEMENTS        57

8.1. ......................................................................................................Data Collection         57
8.2. ..................................................................................................................Analysis          58

..........................................................................................................................BIBLIOGRAPHY           59

...............................................................................................................................APPENDIXES           63

........................................................................................1. uplci Case Study on Punching        64
...............................................................................2. uplci Case Study on Brake Forming       71

..........................................................................................3. uplci Case Study on Drilling        74

ix



CHAPTER 1

INTRODUCTION

Motivation

The environmental impacts of manufacturing are increasingly under close scrutiny. 

Consumers are becoming more aware of the chemicals, processes, and life cycles of the products 

they purchase, including their energy consumption. Many consumers are installing compact fluo-

rescent lighting (CFL) in their homes to save money on energy bills. While these bulbs require 

more energy to manufacture than incandescent bulbs, the energy savings over the lifespan of the 

bulb are significant. Estimates are that CFL bulbs last 8-15 times longer than incandescent bulbs 

and only use 20-33 percent of the energy of incandescent bulbs (EPA 2010). ENERGY STAR 

states that, “If every American home replaced just one light with an ENERGY STAR light, we 

would save enough energy to light more than 3 million homes for a year, about $700 million in 

annual energy costs, and prevent 9 billion pounds of greenhouse gas emissions per year, equiva-

lent to the emissions of about 800,000 cars” (EPA 2010). CFLs have been so successful that the 

U.S., Australia, and Canada are phasing out incandescent bulbs in favor of CFLs.

 This same emphasis on energy savings can be applied to manufacturing. The U.S. De-

partment of Energy estimates that 18 percent of the total electricity generated in the country goes 

toward lighting, and half of that is in the commercial sector (DOE 2010). The Energy Informa-

tion Administration reports that while first use energy consumption in manufacturing has de-

creased six percent between 1998 and 2002, the average nominal cost of electricity has increased 

nine percent (EIA 2010). Knowing how and where energy is used in the factories can reshape 

manufacturing operations to being more energy efficient systems. Energy is used both directly 
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and indirectly in manufacturing: direct energy consumption happens when products are being 

produced by heat treating, machining, or assembly processes, and indirect energy consumption 

for lighting, heating and air conditioning, wastewater treatment, or computer usage. 

 This paper focuses on manufacturing energy required at the equipment level. This in-

cludes the direct energy needed by a machine to drill, punch, shear, or bend metal. It also in-

cludes energy necessary for the loading and unloading of material, programming controllers, ma-

chine partial mode from point to point, motors and other necessary machine processes. 

Literature Review

 Starting at the enterprise level, many corporations have mandates to reduce energy con-

sumption, even as a purely cost-saving measure. Much of the research promoting these actions 

can be found in energy policy and economics, where the focus is primarily on entire industries 

such as steel and paper. Authors like Christopoulos (2000) recommend the best energy mix, or 

decomposition analysis that measures manufacturing energy (Greening et al., 1997; Ang and 

Zhang, 2000).

 Continuing on to the production level, many manufacturers utilize the Energy Manage-

ment Handbook (2006) to assess the energy use in their facilities. Cost benefit analysis deter-

mines which changes will return the most value: many adopt energy-efficient lighting, set the 

thermostat to optimum temperatures appropriate to the season, or encourage the use of screen 

savers on computers. Additionally, Culaba and Purvis (1999) have created a software model that 

uses ISO 14040 to question the software user on subjects such as inventory management, manu-

facturing practices, environmental regulations, technology, and policy, in attempt to reduce 

manufacturing waste. 
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 At the machine level, Dahmus and Gutowski (2004), Gutowski, et al., (2005), and Kor-

donowy (2002) have conducted research from the systems perspective, considering not just the 

tip energy as the machine contacts the work piece, but all the other background processes, such 

as motors, coolant pumps, fans, etc. Kordonowy (2002) found that these background processes 

used over 30 percent of the total energy when milling, turning, and injection molding. Gutowski, 

et al., (2005) found that of all the energy used to produce products at the Toyota Motor Corpora-

tion, that 85.2 percent was used in non-machining operations. Dahmus and Gutowski (2004) 

likewise observed that when compared to the total process, the energy needed for material re-

moval is small.

 Munoz and Sheng (1995) created an analytical model to show the environmental impacts 

of the machining process. This model incorporates energy utilization, lubricant flows, and mass 

flow, among others. Their sensitivity analysis shows the impacts of changes to feeds and speeds 

and depth of cut, and utility analysis prioritizes environmental factors for both a high-volume 

production shop and a low-volume job shop environment. This research focuses on the machin-

ing itself rather than including the background processes of the equipment as it produces prod-

ucts. 

 Further research has been done on developing detailed energy profiles for equipment, in-

cluding the energy consumed by all its subcomponents. Dahmus and Gutowski (2004), Gutowski 

et al. (2005), Haapala et al. (2004), and Kordonowy (2002) provide energy calculations that 

combine the equipment energy with the energy at the production and enterprise levels. A method 

for applying these calculations to analyzing the operational decisions in a manufacturing envi-

ronment is provided by Drake et al., (2006). In 2009, Overcash and Twomey proposed unit proc-

  3



ess lifecycle inventory methodology (uplci). The uplci methodology quantifies energy consump-

tion as well as other environmental impact information of manufacturing unit processes largely 

based on data and information found in manufacturing and machine literature and handbooks.  

The uplci methodology captures tip energy, components, loading and unloading (Overcash 

2009).

 To date, no research has been found in the literature examining real time manufacturing 

equipment energy during production. The machine energy studies above were conducted in a 

controlled laboratory setting; thus, the outcomes of those studies provide estimates of real world 

conditions. Therefore, data collected in a real world production setting is needed for validation.  

Without validation, the methods and models proposed above may not be effective in guiding 

manufacturers to identify the energy usage at the product level. In addition, a method is needed 

for the collection and analysis of machine energy data during production. This paper provides a 

method to quantify the energy consumed for simple product in a manufacturing setting. That en-

ergy data is then used to validate the uplci method (Overcash and Twomey, 2009) for three unit 

processes.

Problem Statement

 The collection of real-time machine energy data in a production setting for model valida-

tion or to quantify the energy consumed by product can be difficult because many facilities do 

not have the infrastructure to meter electricity at the machine level. The data throughout this pa-

per came from a local aircraft manufacturer. From a top-down view, this manufacturer pays a 

monthly electric bill for the entire company, but there are currently not enough meters to show 

the breakdown of electricity used by building or by equipment within the facilities. There are 

  4



switchboards that distribute the electricity from the transformers to various sections of each facil-

ity, to which many pieces of equipment are wired. This manufacturing facility houses several 

hundred pieces of equipment for both sheet metal fabrication and machined detail parts. In al-

most all cases, the electricity to individual equipment is not metered. 

 From a bottom-up view, each machine has ratings of horsepower or amps, by which en-

ergy consumption can be calculated. These ratings assume that the machine has been well main-

tained and that they are operated according to the manual. This is not always the case, as preven-

tative maintenance is not practiced consistently at this manufacturer, and some of the manual 

(non-CNC) machines date back to the 1940s. There could also be additions or modifications 

made to the equipment which invalidate the original rating.

 If meters were put into place to measure energy usage at the machine level, there would 

still be difficulty in isolating the energy usage by product. This manufacturer’s detail parts fabri-

cation facility operates in a job shop environment, where their production schedule is controlled 

by the needs of the final assembly line. Backwards scheduling is employed to ensure the final 

product is delivered on time; however, this creates a detail part job schedule that is different from 

day to day. Each day is a low volume high mix schedule, filled with parts of all different sizes, 

material thicknesses, alloys, tempers, and manufacturing processes. No machines are dedicated 

to a specific product line. Most machines batch process parts, and many can nest multiple prod-

ucts into one batch. These variables increase the difficulty of isolating the energy by product.

Objectives

 There were two objectives to this research. The first objective was to develop a method to 

calculate the energy required to produce a product. This was accomplished by following one 
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product through its manufacturing processes and collecting real-time production energy data 

from each machine in the process. The outcome of this objective is a method.

 The second objective of this research was to use the results of the real-time energy collec-

tion to validate each machine’s uplci. This will be further explained in Chapter 2.

Outline of Chapters

 The paper begins with an explanation of the uplci database in Chapter 2 and describes 

how it calculates energy consumption for a unit process. The method of this research is delivered 

in Chapter 3, detailing step by step how the research was conducted. Chapters 4, 5, and 6 each 

give an example of the method as applied to specific manufacturing equipment.  The results of 

the method are also compared to the uplci database calculated results. The paper concludes in 

Chapter 7 and follows up with some observations for the improvement of future data collection 

in Chapter 8.
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CHAPTER 2

UPLCI DATABASE

Purpose

 All products have a life cycle that includes raw material, manufacturing, distribution, 

consumer use, and disposal. The interest in this paper is the manufacturing portion of the life cy-

cle. The manufacture of a product is a microcosm of the larger life cycle: raw material is deliv-

ered to a machine that performs processes to remove, join, or transform the raw material into a 

product, which is then transported for further processing or assembly, and the raw material waste 

is then disposed or recycled. Examining manufacturing processes at the machine level reveals the 

energy and mass loss for a product or unit process. A unit production life cycle (uplci) database is 

being developed to estimate and document the energy needed to build specific types of parts and/

or specific types of manufacturing operations. This database is a collection of heuristics that pro-

vide representative estimates of the energy and mass loss from manufacturing operations for a 

product or unit process. The objective of the uplci profiles is to provide validated energy data to 

manufacturers that will lead to efficiency improvements in medium to high throughput manufac-

turing equipment.

uplci Method

 The unit process consists of inputs, processes, and outputs of a manufacturing operation. 

The inputs consist of the energy needed to run the equipment motors, lubricants, raw material 

and tooling. The processes within the machine operation include drilling, punching, shearing, 
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forming, or any other method of material removal or change. Outputs include a finished product, 

raw material waste, lubricant waste, noise pollution or waste heat.

 The energy characteristics come from how the machine is operated while producing a 

batch of parts. There is typically a setup time, where a CNC program would be loaded into the 

machine controller, raw material placed on or in the machine, and any tooling loaded or indexed. 

This setup is considered standby energy as only the basic functions of the machine are operating 

and using minimal energy. After this initial setup, the CNC program would move the axis to 

align to the coordinates; this would be considered partial mode energy, or axis-movement energy. 

Once aligned, the machine would run the program and execute the operations necessary to fabri-

cate one finished piece. This is considered full mode energy, as it requires the machine’s maxi-

mum energy when the tools are in contact with the workpiece, also called tip energy. The ma-

chine would then realign (partial mode energy) to produce the subsequent pieces in the batch (us-

ing full mode energy). When all the pieces in the batch are complete the finished goods are sent 

to the next step in the manufacturing process and the raw material waste is unloaded and sent for 

recycling. This unloading is considered standby energy as no machine motors are engaged. 

 There are typically three power levels in the uplci: standby (basic), partial mode (idle), 

and full mode (tip). These regions can be seen in Figure 1 using a drilling process as an example. 
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Figure 1. Determination of power characteristics and energy requirements of machine tools 
(uplci Database 2009 and Appendix 3). 

 The total energy is a combination of basic, idle and tip powers over time. The energy 

consumption of a unit process is calculated by:

       Etotal   =   Pbasic*(tbasic )  +  Pidle *(tidle)  +  Ptip *(ttip)                                (1)

Each power level (basic, idle and tip) is a reflection of the use of various components or sub-

operations of the machine, such as loading and unloading, indexing tooling, axis movement, 

punching, drilling, or bending.

 The parameters that are used when calculating the uplci energy profile include the proper-

ties of the workpiece material, such as alloy, temper, thickness and number of holes. The feed 
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rate, cutting speed, cut depth, and hole diameter are also considered in the calculation, as is the 

cycle time (setup and run times) for each piece. 

 While the uplci profiles provide all the standard life cycle information--such as tip en-

ergy, lubricants, and raw material--the data here is limited to the energy profile of the machine 

during the production of a small simple part that is produced in large volumes.
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CHAPTER 3

METHOD

 This chapter details the method used to calculate energy at the product level. A product 

was selected for evaluation, its manufacturing process identified, and then the energy at each step  

in the production process was measured. Using the energy data, the product can be isolated at 

each machine and then summed together to get the total energy by product. The results of this 

method were used to validate the uplci profiles for each product and the machines that produce 

them.

Product Selection

 The first step in this method was to select a product with a simple manufacturing process 

from the daily job schedule. Simplicity was emphasized here so that the data analysis would be 

straightforward and easily validated. A generic sheet metal clip was chosen because of its small 

size, simple geometry, common material and thickness, and larger production volume. Generic 

sheet metal clips are found in large quantities in all types of aircraft (See Fig. 2 and Fig. 3).

Figure 2. Blueprint of generic sheet metal clip. Figure 3. Generic clip installed in aircraft.
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Production Process

  It is important to evaluate the energy of all the manufacturing processes in the production 

of the product so that the individual energies can be summed together to get the total energy. The 

simple clip evaluated in this paper begins with raw sheet metal. Each clip is cut out of the sheet 

by a turret punch or a CNC router. These machines run on electricity and use punches, dies, or 

bits to cut out the periphery of the clip and any holes. Once the flat material is cut to size, it is 

then sent to a hydraulic press for the bending process. The material is then bent to the appropriate 

angle. These machines can be seen in Figure 4. The last step in the clip production process is 

chemical finishing, where green primer is applied to prevent corrosion on the exposed metal 

edges of the clip; this step is out of the scope of this analysis and will not be included in this pa-

per.

Figure 4. CNC Turret Punch, Hydraulic Brake Press, and CNC Router.

Collecting Energy Data

 Once the product and its process had been identified, the next step was to measure the 

energy used by each machine as it produced the product. Following the framework recom-

mended by Drake (2006), the energy was measured at each machine in Figure 3 using an Am-

probe DM-II (Pro) data logger recorder as the data collection device (Fig. 5). This device re-

corded instantaneous measurements of RMS voltage and current, as well as the three-phase 
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power readings for apparent, working, and reactive power, and power factor. The sampling rate 

was set at one reading every five seconds, or 12 readings per minute. The data logger recorder 

was connected directly to the power supply by a trained technician; surrounding equipment such 

as fans, hand tools, lights, or other energy-using equipment in the work area was not measured, 

only the direct power source to the machine. 

Figure 5. Amprobe DM-II (Pro) Data Logger.

 A time period for data collection had to be determined. The data logger could have been 

set to record at a specific time, so that only the time during the production of the clip was cap-

tured. It was decided for this analysis that the energy should be monitored for all the production 

runs over one entire shift. This captured the energy of all the products produced that shift, in ad-

dition to just the clips; this was done so that future analysis could be conducted on products other 

than clips, such as brackets, angles, instrument panels, zee webs, and others.

 It should be noted here that these products are produced in batches on the turret punch 

and the router. Both machines have the capability to nest multiple products on one sheet. Thus, it 

is important to document the nesting layout and the sequence the machine follows to produce the 

nested products. The press brake, however, can only bend one piece at a time. 
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 When the shift was over, the data logger was disconnected from the equipment and the 

recordings were downloaded and saved into an electronic spreadsheet program. This raw data 

was placed in a worksheet within the workbook and was labeled “Raw Data.” The rows listed the 

time-stamped energy readings every five seconds and the columns recorded the various energy 

measures for each phase. The columns included real, reactive, and apparent power over all three 

phases, as well as power factor. An additional column was created to take the three-phase real 

power in watts and divide by 1,000 to convert to kilowatts (kW).

Analyzing Total Power

 The next step was to analyze the data logger results using a line graph. Graphing the 

three-phase real power as a line illustrated the power in kW over the entire data collection period. 

This graph showed the patterns of the overall power used by the machine as it produced parts 

and within the total graph the individual batches of parts could be identified. Even patterns 

within each production run showed regions of standby, partial mode, and full mode power.

 To identify the energy for each product’s production run, the data logger time stamp was 

matched to the worker’s clocking time stamp for each product. The time stamps for the clip were 

identified within the total graph so that the energy for one product could be isolated. All the data 

points that comprised the clip was isolated into a new worksheet within the workbook and was 

labeled “Clip Raw Data.” This step requires some judgment from the analyst as to where exactly 

to draw the line on what to include in the clip graph; the clockings will not always match up pre-

cisely to the data logger time stamps due to variability in the worker’s clocking practices, the 

time standards of the clip may not be a true time standard but rather an average actual time, or 

there may have been delays in the start of the production process where the setup time may have 
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taken longer than expected. All these and other external factors must be considered when isolat-

ing this clip data from the total chart.

Analyzing Individual Energy Modes

 Once the energy for the product batch was identified, each individual data point within 

the batch was categorized by mode: standby, partial mode, or full mode, as defined in Chapter 2. 

This was done in a new column in the “Clip Raw Data” worksheet, called “Energy Mode.” The 

modes were based on the steps in each machine’s operation; therefore, knowing precisely how 

the machine was operating at every step in the production process of the clip was crucial to cor-

rectly identifying the mode of each data point. It should be noted here that the term “standby” 

refers to only the standby energy immediately before and after the machine engages. This is dif-

ferent than the way the term is normally used, to denote the constant standby energy over longer 

periods, such as a 24-hour period or over one month. Then, the previously calculated power in 

kW was multiplied by time to calculate energy in kWh. The energy at each mode was found by 

summing the area under the curve by mode, where the area under the curve was calculated by 

taking the kW value of each individual data point and multiplying it by 0.00138 (5 readings per 

second / 3600 seconds in one hour). The data was then summarized in a pivot table to show the 

sum of energy by each mode for the clip: total kWh, the kWh per piece, and then the percent dis-

tribution of each energy mode. Basic descriptive statistics, box plots and a 95% confidence inter-

val on the mean were created to compare the kW between energy modes. These averages were 

then added to the clip power graph as horizontal lines (Figure 6), much like the horizontal lines 

in Figure 1 in Chapter 2. 
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 The difference between these energy modes and the uplci energy modes in Chapter 2 is 

that these energy modes are the sum total of the energy mode plus all the energy beneath it: the 

blue full mode (tip) energy includes the energy at that level as well as the green partial (idle) en-

ergy mode below it, and the green partial (idle) energy mode includes both it and the red standby 

(basic) energy that is below it. Standby mode energy is the lowest level and therefore does not 

have any lower energy level included with it. In equation form, 

E full mode = E basic + E idle  + E tip                                                   (2)

E partial mode = E basic + E idle                                                    (3)

E standby mode = E basic                                                               (4)

Figure 6. Energy Mode Differences from uplci Energy Modes in Chapter 2.

  16



Analyzing Family Energy Modes

 As a means of verifying the analysis conducted in section 3.5, the data was further subdi-

vided into families, or data sets, of energy modes. Each mode was broken down into each occur-

rence of that mode, so that there would be multiple families within each mode. For example, if 

the first energy mode on the power graph were standby energy as a machine was loading a CNC 

program, it would be categorized as “Standby 1.” When the program started running and the axis 

of the machine moved to the starting coordinates, it would be labeled as “Partial Mode 1.” If the 

machine went idle for a brief period before the program started producing parts, it was labeled as 

“Standby 2.” Each subsequent occurrence of an energy mode was categorized likewise. This 

subdivided data was then summarized in a pivot table so that the averages and standard devia-

tions could be calculated for each family and then used to verify the individual energy mode re-

sults. These results were then plotted against time and compared to the point by point graphs.

Validating the uplci Database

 The energy data collected was used to validate three uplci’s and the simple part. In order 

to make the production energy results comparable to the uplci results, the following approach 

was taken to modify the production energy modes. The uplci results examine each energy mode 

in isolation, as opposed to the sum of all the energy modes below it (Fig. 1). To isolate each 

mode individually several formulas were used to subtract out the lower modes, as shown in equa-

tions (5), (6), and (7): 

uplci E tip = E (full mode)  - Average E (partial mode)                                                (5)

uplci E idle = E (partial mode)  - Average E (standby mode)                                                 (6)

uplci E basic = E (standby mode)                                                          (7) 

  17



  The result was a true measure of real power in kW for each data point that was strictly for 

its respective energy mode. A new pivot table was created to show the revised total kWh, the 

kWh per piece, and then the percent distribution of each energy mode. Box plots were also cre-

ated for this revised data. The revised data was then compared to the uplci database results by 

plotting the uplci power and energy results onto the box plots to show whether the uplci data fell 

within 3 standard deviations of the mean.

Application to Production Equipment

 This method was applied to the CNC turret punch, the press brake, and the MultiCam 

router. Chapters 4, 5, and 6 of the paper detail the application of this method to each machine, 

respectively, to calculate the energy of a product. Each chapter ends with a section on how the 

results compared to the uplci database calculations.
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CHAPTER 4 

CNC TURRET PUNCH

Equipment Operation

 In sheet metal manufacturing several types of equipment are used to create holes in a flat 

sheet of metal: a drill press, router, punch, or a laser. The method used is typically based on the 

type and temper of the metal, tolerance requirements, the volume of finished goods, or the cycle 

time of the process. In medium to high volume sheet metal manufacturing punching is often the 

most cost effective method. 

 The specific machine examined in this section is a high-speed hydraulic FINN-POWER® 

Shear Genius® SG6 CNC turret punch (Fig. 7). Its machine specifications can be found in Ap-

pendix 1. This particular machine reduces setup time by automating loading, combines punching 

and shearing, and automates parts sorting. This machine standardizes the raw material blank size 

and has nesting capabilities. The turret punch has a CNC controller that uses a Windows-based 

PC. In warmer climates a controller cooler is a recommended attachment when the ambient tem-

perature exceeds 86 degrees Fahrenheit.

Figure 7. FINN-POWER® Shear Genius® CNC Turret Punch.
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 Starting with raw material, the automatic loading device retrieves one blank sheet at a 

time from a stack and places it in position for clamping. This loading device is powered by elec-

tricity using an inverter, and the suction cups use ejectors to create a vacuum. A double-sheet de-

tector measures the thickness of the sheet to ensure that only one blank at a time is fed to the ma-

chine, a maximum of 0.314 inches. A squaring feature then aligns the material to the coordinate 

table. A Mate high capacity Multi-Tool system handles the tooling and shortens tool change time 

by using Nova® Drop-In and Quick Set tools (Fig. 8). The tool carrier has a joined upper and 

lower turret that is equipped with 20 tool stations. The bi-directional rotating turret utilizes an 

auto-index system where servo motors rotate the punch and die inside the holders. While the 

tools are being indexed the CNC directs the digital servos to position the material in both the X-

axis (using rack and pinion) and Y-axis (using a servo-driven ball screw) under the punch. 

Figure 8. Mate MT™ Tooling for Multi-Tools.

 This turret punch has a punching force of 33 US tons (300 kN). The punch stroke length 

is digitally controlled by a hydraulic servo. The sheet moves continuously as the machine 

punches, shears, nibbles, engraves, forms, or taps. When nibbling, the punching speed can reach 
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up to 1,100 hits per minute; 3,000 hits per minute when engraving. When forming, the machine 

uses a 27.5 US ton (250 kN) forming cylinder and forms from below by lifting the die. During 

this process both tool lubrication (oil) and sheet lubrication (punching liquid) are sprayed onto 

the surfaces with the direction of the CNC program. 

 To shear off the finished piece from the material, the machine uses an integrated right an-

gle shear. Two blades are placed at a 90-degree angle and are capable of shearing in both the X-

axis and Y-axis directions simultaneously. During the right angle shearing operations a pneu-

matic sheet holder is activated to hold the material steady; they are lowered before shearing starts 

and raised when shearing is complete. 

  The CNC controller can program multiple “addresses” to sort finished goods from scrap. 

Depending on the size, the finished pieces drop from the table down a work chute to a parts bin 

or to a conveyor belt to be dropped onto a pallet. What little scrap or slugs remain are sent on a 

separate conveyor to the scrap bin and sold to a metal dealer. All main components are lubricated 

during operation by a central system. Oil is most commonly used as lubricant. Coolant is pro-

vided by a small air mister, which holds about a pint. The hydraulic fluid is changed yearly and 

disposed as waste. Operators check the pneumatic system each day for leaks and repair as 

needed. Some energy used by the press is given off as waste heat. 

Production Setting

 The turret punch operates one shift per day, 5 days per week, but during times of higher 

production rates it can run all three shifts seven days a week. It operates approximately 240 

manufacturing days per year.  
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 On the data collection day the turret punch operator ran jobs according to the daily job 

schedule. The job schedule is created using backwards scheduling, starting with the delivery date 

of the aircraft and working backwards according to the time standards allotted to each assembly 

and detail part. The parts scheduled for that day may not be related parts and could be in small 

lot sizes; parts are nested as efficiently as possible using special nesting software. The types of 

parts produced on the turret punch during this data collection were a mix of clips, angles, brack-

ets, doublers, and instrument panels. The average order quantity was 30 pieces, with a total count 

of 734 pieces made. The average cycle time per order was 26 minutes, or approximately 1-2 

minutes per piece. 

 The clip chosen for analysis (Fig. 9) is made from 0.040-inch aluminum clad coil, meas-

ures 3-inches in length by 2-inches in width, and has two #40 pilot holes (0.098-inch DIA). The 

order quantity was 26 pieces, with an overall setup time of 21 minutes per order and 2.52 min-

utes run time per piece. 

Figure 9. Clip Produced by Turret Punch.

  22



Energy Data Collection

 To collect real-time data, the data logger recorder (Fig. 5) was attached to the turret punch 

for the majority of one shift on 5/7/2009, from 9:25 AM to 2:22 PM. Figure 10 shows the plot of 

the entire data collection period. Consumption patterns show how the punch uses energy for dif-

ferent types of parts; the pattern that starts on the left of the graph shows smaller parts in small 

quantities. The idle machine starts at 1.5 kW and jumps to over 30 kW, and then stays over 30 

kW when punching, and then drops down to 15 kW for partial mode, then back down to 1 kW 

and 5 kW for idling. This pattern is repeated for all orders with many small parts that require lots 

of partial mode. In the middle of the graph there is very little partial mode; the punch is produc-

ing large panels or large zee webs with mostly punching operations and minimal partial mode. 

The idle energy towards the end of the data collection period happens during and after the union 

break time; typically the CNC machines are set to run continuously during break times, but the 

data shows the machine was left idle during this time. 

Figure 10. Turret Punch Power Consumption Signature for Entire Period.
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Energy Data Analysis

 A mix of products was produced during the data collection. To isolate the energy of just 

clips, the data logger time stamps were matched to the nesting sequence using the job schedule 

and time standards of each part. The clip was identified as the first pattern on on the graph, 

shown in brackets in Figure 10. Figure 11 shows the power used by the turret punch to produce 

this same one sheet of 26 clips, approximately 23 minutes. Starting from the left on the graph is 

the standby energy as the machine sits idle waiting for the operator to load in the CNC program 

and material. Even though no motors or tools are full mode at this point the machine is still con-

suming between 1.1 and 1.4 kW of energy. When the program is initiated the machine begins to 

load the material, indicated on the graph with the label “loading energy” and pattern showing a 

spike up to 30 kW and drop down to 12 kW. Once the material is squared on the coordinate table 

the program begins the punching operations. Labeled “full mode energy,” this typically con-

sumes 30 to 40 kW. The tools in the turret rotate as needed to punch out each individual clip 

from the blank sheet. In between each piece the machine moves the material to the next coordi-

nate. This traversing is labeled as “partial mode energy” and includes those times when the ma-

chine is moving the material, re-aligning to the coordinate table, or motion other than direct 

punching. As the clips are produced they drop down a work chute to the finished parts bin and 

the scrap is sent down a conveyor to a scrap bin. The graph shows the energy for only one sheet 

of clips; parts are produced before and after this point in the graph. Therefore, at the end of the 

graph is a loading energy of 6 kW where the next sheet is automatically retrieved and loaded. 
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Figure 11. Turret Punch Power Consumption Signature for 26 Clips.

 

 Figure 12. Distribution of Turret Punch Power (in kW and in kWh).
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Figure 12 is a histogram of the power consumed. It shows regions of standby, partial mode 

and turret engagement in a wide range between 1.16 and 36.83 kW. The mean is 17.8 kW and the 

standard deviation is 13. This verifies the breakdown shown in Figure 10. 

 Following the method in Chapter 3, the area under the curve was calculated in order to 

calculate the total energy used. Since each data logger reading was every five seconds, each was 

converted to hours and multiplied by the three-phase real power value for each time stamp. Each 

reading was then categorized by its mode: standby, partial or full mode. Standby included energy  

up to 1.44 kW, partial was 1.45 to 32 kW, and full was 30 up to 36 kW. The energy was summed 

by mode, shown in Table 1. The energy of each mode was divided by the order quantity of 26 to 

get the kWh per piece. Figure 13 then shows the relative consumption by mode per piece.

TABLE 1 

Summary of Turret Punch Energy by Mode for Clips

Energy Type Total kWh 
over 26 parts

Mean Standard 
Deviation

kWh per 
Piece

Distribution 
per Piece

Full Mode Energy 4.832 0.046 0.002 0.186 59.03%

Partial Mode Energy 3.237 0.020 0.011 0.124 39.54%

Standby Energy 0.118 0.002 0.000 0.005 1.44%

Grand Total 8.186 0.023 0.018 0.315 100.00%
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Figure 13. Turret Punch Energy Distribution by Mode for One Clip. 

! ! To verify the averages and ranges of the energy for each mode, each data point was fur-

ther subdivided into a family, or data set. Each occurrence of a mode was labeled with a succes-

sive number (partial 1, partial 2, partial 3, etc.). A pivot table was used to take the average area 

under the curve energy by family mode so that there was an average for partial 1, an average for 

partial 2, and so on. Each family mode was then analyzed individually in a histogram to show the 

ranges. Figure 14 includes two histograms for the turret punch that verify the breakdown in Fig-

ure 11.  The histogram on the left is the full mode energy, with a minimum of 0.042 kWh, a 

maximum of 0.049 kWh, a mean of 0.046 kWh, and a standard deviation of 0.0015. The histo-

gram on the right shows the partial mode energy, with a minimum of 0.013 kWh, a maximum of 

0.039 kWh, a mean of 0.023 kWh, and a standard deviation of 0.0069. There was only one data 

set for standby mode, so it was not analyzed in a histogram.
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Figure 14. Turret Punch Energy by Family.

uplci Database Validation

 The steps in turret punch operations are: 1) Load material and CNC program, 2) Align 

material to coordinate table, 3) Index tools, 4) Punching, shearing, or other operation, 5) Finished 

parts go to work chute, 6) Scrap unloads to conveyor to scrap bin. The uplci energy consumption 

of a punch is calculated by equation (1), or the sum of equations (5), (6), and (7). Each power 

level (standby, partial, and full) is a reflection of the use of various components or sub-operations 

of the CNC turret machine. Step 1) is standby energy, steps 2), 3), 5), and 6) are partial mode en-

ergy and step 4 is energy required of punching or shearing material (tools in contact with mate-

rial). 

 Up to this point in the analysis, the energy modes have been taken as a whole; each en-

ergy level also contains the lower modes of energy. For example, the total full mode energy value 

also contains the the basic, idle, and tip of uplci energy modes. However, the uplci database 

evaluates each power level in isolation, so that there are no duplications or “double-dips” of data. 

The full mode power is the value of the full mode minus the average of the partial mode (Equa-

tion 5) and the partial mode power is the value of the partial mode minus the average of the 

standby mode (Equation 6). To make the data in this paper comparable to the uplci data, first the 
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average kW of each power level was calculated. The average full mode power was 33.08 kW, the 

average partial mode power was 14.56 kW, and the average standby mode power was 1.26 kW. 

These averages were then graphed as horizontal lines on the power plot (Fig. 15). 

Figure 15. Turret Punch Average Energy Levels.

 The next step was to subtract out these averages from each respective power level using 

equations (5), (6), and (7) and re-summarize the energy by modes. Removing the lower energy 

levels from within each level lowered the total energy from 8.1 kWh down to a more accurate 5.8 

kWh. This is shown in Table 2.

 Table 2 contains revised energy by mode for the 26 parts, the standard deviation, average 

energy per part and percentage of total energy consumed.  Also contained in Table 2 are bounds 

on the average energy consumed per part and percent of total energy consumed using ± 3 stan-

dard deviations. The upper and lower bounds on the average energy consumed per part are tight 

because of the low variability. Comparing the revised uplci data in Table 2 to the original data in 
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Table 1 shows that the standby energy increased by one-half of one percent, the partial mode en-

ergy increased by 11 percent, and the full mode energy decreased by 12 percent. Figure 16 shows 

the updated relative consumption by mode per piece.  

TABLE 2

Revised uplci Summary of Turret Punch Energy by Mode for Clips

Energy Mode Total 
kWh 
over 26 
parts

Standard 
Deviation

Average  
kWh 
per 
Piece

Distribu-
tion per 
Piece

Average  
kWh per 
Piece + 3 
StD 

Average  
kWh per 
Piece - 3 
StD 

Distribu-
tion per 
Piece 
Upper 
Bound

Distribu-
tion per 
Piece 
Lower 
Bound

uplci Full 2.729 0.0017 0.105 47.0% 0.105 0.105 46.7% 47.1%

uplci Partial 2.957 0.0112 0.114 51.0% 0.115 0.113 51.1% 50.7%

uplci Standby 0.118 0.0001 0.005 2.0% 0.005 0.005 2.2% 2.2%

uplci Total 5.803 0.0117 0.223 100.0% 0.225 0.223 100.0% 100.0%

 

Figure 16. Revised uplci Turret Punch Energy Distribution by Mode. 

 The uplci calculations for punching (Appendix 1) were based on the material, cycle time, 

and other parameters of the clip examined in this chapter. The clip information was entered into 
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the uplci database as a case study and the results were formatted into a report (Appendix 1). The 

total uplci punching energy for this clip was calculated to be 0.035 kWh/punch. This result is 

lower than the real-time data measurement, and the mode by mode comparison between the two 

methods can be seen in Table 3. 

TABLE 3

Comparison of Methods to Calculate Punching Energy

Method Standby Mode 
(% of total)

Partial Mode 
(% of total)

Full Mode 
(% of total)

Total kWh 
per Piece

Real-Time Data 0.005 (2%) 0.114 (51%) 0.105 (47%) 0.223

uplci Calculation 0.014 (21%) 0.029 (45%) 0.022 (34%) 0.065

 The results show that the uplci calculation did not fall within three standard deviations of 

the mean (Table 2); therefore, the real-time data did not validate the uplci turret punch database 

calculation. This could be caused from using averages to make the real-time data comparable to 

the uplci data, from having a low sampling rate on the data logger recorder, or from using esti-

mated material or machine specification values in the uplci calculation. Removing the load and 

unload energy from the partial mode into its own separate mode could also have an impact on the  

results. This discrepancy will need further investigation in future research.

 While not able to validate the uplci calculation, the real-time energy data can be used to 

validate the FINN-POWER® power claim, which was stated as an average of 30 kW for a nor-

mal production run with nominal sheet size and thickness. Summing and then averaging the full 

mode power results in 33 kW.
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CHAPTER 5

HYDRAULIC PRESS BRAKE

Equipment Operation

 The press brake is a machine tool used to create bends in plate or sheet metal. The press 

applies a force to metal between a punch and die system to create bends at specific angles. This 

force can be mechanic, pneumatic, hydraulic, or servo-electric. The press used in this analysis is 

a 4-foot 1-ton Amada RG Series hydraulic press (Fig. 17) with machine specifications shown in 

Table 4. 

Figure 17. Amada RG Series Press Brake.

It is controlled using a hydraulic gear pump that keeps the fluid pressure and volume con-

stant. Presses can be down-acting, where the punch is forced down onto the work piece in the 

die, or up-acting, where the die and work piece are forced up to the punch to make the bend. The 

press in this analysis is an up-acting press; hydraulic one-way cylinders are on either side of the 

press and use equal pressure to move the press upward to provide the bending force, while grav-

ity pulls the press back down after each operation. A backgauge is used in conjunction with the 
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CNC controller to position the material for the correct bend location. The backgauge can position 

the material over multiple axes, where each axis is controlled by an electric motor.

 Once the operator has the order and material, the press is “bottomed-out,” or reset. Then 

the NC controller is programmed with the bend angle(s) of the part, the ram speed, and back-

gauge positions. More than one bend in the part can be programmed in a single run of the pro-

gram. The appropriate dies are retrieved and setup into the machine, which takes approximately 

20 minutes. When the operator hand-loads the first piece of material and steps on the foot pedal, 

the press lifts up to form the bend in the part. Once the bend is made, the newly bent part is 

placed in a bin to be taken to the next step in its production process. 

TABLE 4 

Amada RG Series Press Brake Specifications

Specifications AMADA
Model Number RG-M2 8024

Max. Bending force, kN 500
Approach Speed, in/sec 3.15
Bending Speed, in/sec 0.28
Return Speed, in/sec 2.4

Main motor, kW 3.7
Motor 2, kW 0.4

3 Axes motor output(X,Y,Z), kW 0.75
Total Maximum Power consumption 6kW

Production Setting

 This press brake is located in a work cell with another identical press brake. They operate 

one shift per day, 5 days per week, but during times of higher production rates they can run all 

three shifts seven days a week. They operate approximately 240 manufacturing days per year.
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 On the data collection day, the press operator ran jobs according to the daily job schedule.  

The job schedule is created using backwards scheduling, starting with the delivery date of the 

aircraft and working backwards according to the time standards allotted to each assembly and 

detail part. The parts scheduled for that day may not be related parts and could be in small lot 

sizes. The types of parts produced on the press during this data collection were a mix of clips, 

angles, brackets, doublers, and splices. The average order quantity was 32 pieces on the small 

orders and two very large orders of 124 and 786 pieces. There were a total of 1,152 pieces made 

during the data collection period. 

 The clip selected for analysis (Fig. 18) is made from 0.040-inch (1 mm) thick aluminum 

clad coil, it  measures 4.2-in. (106.68 mm) and the bend length is bent to an included angle of ! = 

900 in a V-die. The die opening is 24 mm and the metal has tensile strength of 13,350 psi (92 

Mpa). The clip process parameters can be seen in Table 5.

TABLE 5 

Clip Process Parameters

Sheet thickness (T) 0.04 in
Ultimate Tensile strength (UTS) 13,350 psi

Die opening (W) 0.32 in
Bend angle (A) 90 deg
Bend radius (R) 0.30 in
Bend Length (L) 4.2 in

Die closed depth, D (4T) 0.16 in 
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Figure 18: Dimensions of Clip Formed by Press

Energy Data Collection

 A data logger recorder was attached to only one of the two presses for the majority of one 

shift on 5/15/2009, from 8:26 AM to 2:47 PM. Figure 19 shows the plot of the entire data collec-

tion period. The energy remains constant at an average of 2.1 kW. This is due to the open center 

gear pump, which keeps pressure and volume of fluid constant, and therefore keeps energy con-

stant. The peaks are when the press is full mode in operation forming a piece of aluminum and 

the valleys are when gravity drops the press back down to starting position. 
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Figure 19. Press Brake Power Consumption Signature for Entire Period.

Energy Data Analysis

 A mix of products was produced during the data collection. To isolate the energy of just 

clips, the data logger time stamps were identified using the job schedule and time standards of 

each part. The clip was identified on the graph, shown in brackets in Figure 19. Figure 20 shows 

the power used by the press to produce one batch of 48 clips, approximately 36 minutes. The 

graph is magnified between 2.0 kW and 2.16 kW. Starting from the left on the graph, the ma-

chine sits idle as the operator bottoms-out the press and then loads the program into the control-

ler and places the die and backgauge. The operator then places the material against the back-

gauge and then steps on the foot pedal, which opens the valves to allow the hydraulic cylinders 

to raise the press to form the material. The first large spike up to 2.13 kW and drop down to 2.03 

kW indicates the first piece formed. The one-way cylinders then allow gravity to pull the press 
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back down to its starting position. The operator takes the piece out of the press and retrieves the 

next flat piece to form. 

Figure 20. Press Brake Power Consumption Signature for 48 Clips.

Figure 21. Distribution of Press Brake Power (in kW and kWh).
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 Figure 21 is a histogram of the power consumed. It shows regions of press engagement in 

a very narrow range between 2.01 and 2.13 kW. 

 Following the method in Chapter 3, the area under the curve was calculated in order to 

calculate the total energy used. Since each data logger reading was every five seconds, each was 

converted to hours and multiplied by the three-phase real power value for each time stamp. Each 

reading was then categorized by its mode: standby, partial or full mode. In this case, only one 

mode was identified: standby. The energy was summed by mode, shown in Table 6. The total en-

ergy was divided by the order quantity of 48 to get the kWh per piece.  

 TABLE 6

Summary of Press Brake Energy by Mode for Clips

Energy Mode Total kWh 
over 48 parts

Mean Standard 
Deviation

kWh per 
Piece

Distribution 
per Piece

uplci Standby 1.321 0.002897 2.16E-05 0.02729 100.00%

uplci Total 1.321 0.002897 2.16E-05 0.02729 100.00%

 The mean is 0.002 kWh with a standard deviation of 2.16E-05. This small range in power 

indicates relatively no difference between full mode and standby. Therefore, there is only one 

energy mode for this hydraulic press brake, as compared to a mechanical or pneumatic press 

brake (Fig. 23). Thus, no analysis by family, or data set, is necessary.

uplci Database Validation

 The steps in the press brake operations are: 1) bottom-out to reset, 2) program angle of 

bend on NC controller, 3) insert die, 4) align material to die and backgauge, 5) bending. The 

uplci energy consumption of a press is then calculated by equation (1), or by the sum of equa-

tions (5), (6), or (7). Each power level (standby and forming) is a reflection of the use of various 
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components or sub-operations of the brake. Steps 1), 2), 3), and 4) are standby energy and step 5) 

is energy required of bending material (tools in contact with material). 

 Up to this point in the analysis, the energy modes have been taken as a whole; each en-

ergy level also contains the lower modes of energy. For example, the total full mode energy value 

also contains the the basic, idle, and tip of uplci energy modes. However, the uplci database 

evaluates each power level in isolation, so that there are no duplications or “double-dips” of data. 

The full mode power is the value of the full mode minus the average of the partial mode (Equa-

tion 5) and the partial mode power is the value of the partial mode minus the average of the 

standby mode (Equation 6). To make the data in this paper comparable to the uplci data, first the 

average kW of each power level was calculated. In this situation, however, there was only one 

energy mode for this hydraulic press brake (Fig. 22). Thus, Equations (5), (6), and (7) cannot be 

applied.

Figure 22. Press Brake Average Energy Level.
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 Table 7 contains the energy by mode for the 48 parts, the standard deviation, average en-

ergy per part and percentage of total energy consumed. Also contained in Table 7 are bounds on 

the average energy consumed per part and percent of total energy consumed using ± 3 standard 

deviations. The upper and lower bounds on the average energy consumed per part are tight be-

cause of the low variability.  

TABLE 7

Summary of Press Brake Energy by Mode for Clips

Energy Mode Total 
kWh 
over 48 
parts

Standard 
Deviation

Average  
kWh per 
Piece

Distribu-
tion per 
Piece

Average  
kWh per 
Piece + 3 
StD 

Average  
kWh per 
Piece - 3 
StD 

Distribu-
tion per 
Piece 
Upper 
Bound

Distribu-
tion per 
Piece 
Lower 
Bound

uplci Standby 1.321 2.16E-05 0.028 100.00% 0.028 0.028 100.0% 100.0%

uplci Total 1.321 2.16E-05 0.028 100.00% 0.028 0.028 100.0% 100.0%

 The uplci calculations for brake forming (Appendix 2) were based on the material, cycle 

time, and other parameters of the clip examined in this chapter. The clip information was entered 

into the uplci database as a case study and the results were formatted into a report (Appendix 2). 

The total uplci brake forming energy for this clip was calculated to be 0.0083 kWh/bend. This 

result is lower than the real-time data measurement, and the mode by mode comparison between 

the two methods can be seen in Table 8.
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TABLE 8

Comparison of Methods to Calculate Bending Energy

Method Standby Mode 
(% of total)

Partial Mode 
(% of total)

Full Mode 
(% of total)

Total kWh 
per Piece

Real-Time Data 1.321 (100%) 0 (0%) 0 (0%) 1.321

uplci Calculation 0.0061 (69%) 0.00086 (10%) 0.00187 (21%) 0.00883

 The results in Table 8 show that the uplci calculation did not fall within three standard 

deviations of the mean (Table 7); therefore, the real-time data did not validate the uplci forming 

database calculation. This could be caused from using averages to make the real-time data com-

parable to the uplci data, from having a low sampling rate on the data logger recorder, or from 

using estimated material or machine specification values in the uplci calculation. This discrep-

ancy will need further investigation in future research.
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CHAPTER 6

CNC ROUTER

Equipment Operation

 While routers are traditionally used in woodworking, they are used frequently in small to 

medium volume sheet metal manufacturing. These routers can machine non-ferrous metal such 

as aluminum, copper, and brass. The router used at this manufacturer is a MultiCam 3000 series 

router with a moving gantry and automatic tool changing (Fig. 23). 

Figure 23. MultiCam Router 3000 Series.

 The router is easily programmed through a hand-held user interface equipped with Ether-

net. Once the CNC program is downloaded the material is placed and squared on the 1-inch thick 

phenolic work surface and held in place by a vacuum. The gantry contains the X, Y, and Z 

movements so that the table remains stationary. The router has a dual X-axis, and both the X and 

Y-axis are driven by rack and pinion. The Z-axis has a clearance of six inches and a travel of 12-

inches, driven by ball screw. The machine specifications are listed in Table 9.
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TABLE 9

MultiCam Router 3000 Series Specifications

Model 3-101R 3000 Series
TRAVEL Linear

X axis Travel (mm) 2500 
Y axis Travel (mm) 2000 
Z axis Travel (mm) 304

Table dimensions, mm 1270 x 1270
SPINDLE (rpm) 8000 

Rapid Traverse (X,Y) (m/min), HTR 43.2
Rapid Traverse (Z) (m/min), VTR 43.2

Cutting Feed rate (mm/sec) 423
3 Axes motor output (X, Y, Z) (kw) 2.0 / 2.0 / 2.0

Floor Space (L x W x H) 4100 x 2640 x 2810 mm
Machine Weight (kg) 1350

Vacuum motor 1.5 kW
Spindle Motor 2.23 kW

Maximum machine power 3.75 kW

Production Setting

 The router operates one shift per day, 5 days per week, but during times of higher produc-

tion rates it can run all three shifts seven days a week. It operates approximately 240 manufactur-

ing days per year.

 On the data collection day the router operator ran jobs according to the daily job sched-

ule. The job schedule is created using backwards scheduling, starting with the delivery date of 

the aircraft and working backwards according to the time standards allotted to each assembly and 

detail part. The parts scheduled for that day may not be related parts and could be in small lot 

sizes; parts are nested as efficiently as possible using special nesting software. The types of parts 
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produced on the router during this data collection were angles, stiffeners, brackets, and ribs. De-

spite being on the job schedule for that day, no clips were produced during this data collection. 

Therefore, an angle was used in place of a clip.

 The selected angle was produced from aluminum alloy 2024T3 (BHN 120) with 

0.063-inch (1.6 mm) thickness. The order quantity was 21 pieces, with an overall setup time of 

29 minutes per order and 15.84 minutes run time per piece. The angle had four symmetrical 

holes of 0.16 in (4 mm) diameter and two symmetrical holes of 0.2 in (5 mm) diameter through 

the thickness of the work piece. Figure 24 shows the dimensioned drawing of the angle. 

Figure 24. Dimensions of Angle Produced by Router.
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Energy Data Collection

 A data logger recorder was attached to the router for the majority of one shift on 8/21/

2009, from 7:16 AM to 2:28 PM. Figure 25 shows the consumption patterns as the router axis 

moves from piece to piece and as the tools makes contact with the workpiece.

Figure 25. MultiCam Router Power Consumption Signature for Entire Period.

Energy Data Analysis

 Figure 26 shows the power used by the router to produce one order of 21 angles, ap-

proximately 29 minutes. To isolate the energy of just angles, the data logger time stamps were 

matched to the nesting sequence using the job schedule and time standards of each part. Starting 

from the left on the graph is the standby energy as the machine sits idle waiting for the operator 
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to load in the CNC program and material. Even though no motors or tools are full mode at this 

point the machine is still consuming between 0.5 and 1.0 kW of energy. When the program is 

initiated, the gantry moves to the starting position and uses each tool according to the CNC pro-

gram. As the gantry moves from position to position the partial mode energy ranges between 0.5 

kW to 1.5 kW. Full mode is approximately 1.5 kW. The spikes up to nearly 7 kW seem out of 

place for a CNC router, as it is a small machine drilling very thin sheet metal. This could be from 

tool changes or motor startups within the machine.  

Figure 26. MultiCam Router Power Consumption Signature for 21 Angles.

 Figure 27 is a histogram of the energy consumed. It shows regions of standby, loading, 

partial mode and engagement. The range goes from 0.38 kW to 6.9 kW, with a mean of 1.09 kW 

and standard deviation of 0.83. This verifies the breakdown shown in Figure 24. 
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Figure 27. Distribution of Power Consumption (in kW and kWh).

 Following the method in Chapter 3, the area under the curve was calculated in order to 

calculate the total energy used. Since each data logger reading was every five seconds, it was 

converted to hours and multiplied by the three-phase real power value for each time stamp. Each 

reading was then categorized by its mode: standby, partial or full mode. Standby generally in-

cluded energy up to 0.43 kW, partial was approximately 0.44 to 1.74 kW, and full was 2.2 up to 

6.9 kW. The energy was summed by mode, shown in Table 10. The energy of each mode was 

divided by the order quantity of 21 to get the kWh per piece. Figure 28 shows the relative con-

sumption by mode per piece.
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TABLE 10 

Summary of Router Energy Consumption by Mode for Angles

Energy Type Total kWh 
over 21 parts

Mean Standard Deviation kWh per Piece Distribution per Piece

Full Mode Energy 0.027 0.0002 0.00026 0.001 12.21%

Partial Mode Energy 0.141 0.0012 0.00164 0.007 64.47%

Standby Energy 0.051 0.0006 3.082 x 10-5 0.002 23.32%

Grand Total 0.219 0.0007 0.00109 0.010 100.00%

 

Figure 28. MultiCam Router Energy by Mode.

! ! To verify the averages and ranges of the energy for each mode, each data point was fur-

ther subdivided into a family, or data set. Each occurrence of a mode was labeled with a succes-

sive number (partial 1, partial 2, partial 3, etc.). A pivot table was used to take the average area 

under the curve energy by family mode so that there was an average for partial 1, an average for 

partial 2, and so on. Each family mode was then analyzed individually in a histogram to show the 

ranges. Figure 29 includes three histograms for the turret punch that verify the breakdown in 

Figure 27.  The histogram on the left is the full mode energy, with a minimum of 0.0015 kWh, a 

maximum of 0.0022 kWh, a mean of 0.0019 kWh, and a standard deviation of 0.0002. The his-
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togram in the middle shows the partial mode energy, with a minimum of 0.0012 kWh, a maxi-

mum of 0.0095 kWh, a mean of 0.0026 kWh, and a standard deviation of 0.0025. The histogram 

on the right shows the standby mode energy, with a minimum 0.00055 kWh, maximum of 

0.00061 kWh, mean 0.00059 kWh, and standard deviation 2.09 x 10-05.

Figure 29. MultiCam Router Energy by Family.

uplci Database Validation

 The steps in router operations are: 1) Load material and align to coordinate table, 2) Load 

CNC program, 3) Index tools, 4) Routing, drilling operations, 5) Finished parts are put in bin, 6) 

Scrap is removed by hand and sent for recycling. The uplci energy consumption of a router is 

calculated by equation (1), or the sum of equations (5), (6), and (7). Each power level (standby, 

partial mode, and full mode) is a reflection of the use of various components or sub-operations of 

the CNC router. Steps 1), 5) and 6) are standby energy, steps 2) and 3) are partial energy and step 

4) is energy required of cutting the material (tools in contact with material). 

 Up to this point in the analysis, the energy modes have been taken as a whole; each en-

ergy level also contains the lower modes of energy. For example, the total full mode energy value 

also contains the the basic, idle, and tip of uplci energy modes. However, the uplci database 

evaluates each power level in isolation, so that there are no duplications or “double-dips” of data. 

The full mode power is the value of the full mode minus the average of the partial mode (Equa-
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tion 5) and the partial mode power is the value of the partial mode minus the average of the 

standby mode (Equation 6). To make the data in this paper comparable to the uplci data, first the 

average kW of each power level was calculated. The average full mode power was 1.43 kW, the 

average partial mode power was 1.26 kW, and the average standby mode power was 0.42 kW. 

These averages were then graphed as horizontal lines on the power plot (Fig. 30). 

Figure 30. Router Average Energy Levels.

 The next step was to subtract out these averages from each respective power level using 

equations (5), (6), and (7) and re-summarize the energy by modes. This is shown in Table 11. 

 Table 11 contains revised energy by mode for the 21 parts, the standard deviation, aver-

age energy per part and percentage of total energy consumed.  Also contained in Table 11 are 

bounds on the average energy consumed per part and percent of total energy consumed using ± 3 

standard deviations. The upper and lower bounds on the average energy consumed per part are 
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tight because of the low variability. Comparing the revised data in Table 10 to the original data in 

Table 9 showed that the standby energy increased by one-half of one percent, the partial mode 

energy decreased by 12.26 percent, and the full mode energy decreased by 0.88 percent. Figure 

31 shows the updated relative consumption by mode per piece. This data is now ready to be 

compared to the uplci database calculations for drilling.

TABLE 11 

Revised Summary of Router Energy by Mode for Angles

Energy Mode 
Type

Total 
kWh 
over 21 
parts

Standard 
Deviation

Average  
kWh per 
Piece

Distribu-
tion per 
Piece

Average  
kWh per 
Piece + 3 
StD 

Average  
kWh per 
Piece - 3 
StD 

Distribu-
tion per 
Piece 
Upper 
Bound

Distribu-
tion per 
Piece 
Lower 
Bound

uplci Full 0.029 0.0003 0.001 13.12% 0.001 0.001 10.2% 9.8%

uplci Partial 0.141 0.0016 0.007 63.80% 0.007 0.007 70.4% 69.6%

uplci Standby 0.051 0 0.002 23.08% 0.002 0.002 19.5% 20.6%

uplci Total 0.221 0.0019 0.011 100.00% 0.010 0.010 100.0% 100.0%

Figure 31: Revised uplci Router Energy Distribution by Mode
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 The uplci calculations for drilling (Appendix 3) were based on the material, cycle time, 

and other parameters of the angle examined in this chapter. The uplci calculations only included 

the time for drilling the holes, not for routing out the part. To calculate the energy of routing the 

periphery of the angle, the milling uplci calculations would be used. This was not able to be 

completed by the publishing of this paper. The hole diameter information of the angle was en-

tered into the uplci database as a case study and the results were formatted into a report (Appen-

dix 3). The total uplci drilling energy for this angle was calculated to be 0.019 kWh/piece. This 

result is higher than the real-time data measurement, and the mode by mode comparison between 

the two methods can be seen in Table 12. 

TABLE 12

Comparison of Methods to Calculate Drilling Energy

Method Standby Mode 
(% of total)

Partial Mode 
(% of total)

Full Mode 
(% of total)

Total kWh 
per Piece 

Real-Time Data 0.002 (23%) 0.007 (64%) 0.001 (13%) 0.011

uplci Calculation 0.008 (42%) 0.011 (58%) 3.1 x 10-5 (0%) 0.019

 The results in Table 12 show that the uplci calculation did not fall within three standard 

deviations of the mean (Table 11); therefore, the real-time data did not validate the uplci drilling 

database calculation. This is partly because the routing of the periphery was not included, but this 

could be caused from using averages to make the real-time data comparable to the uplci data, 

from having a low sampling rate on the data logger recorder, or from using estimated material or 

machine specification values in the uplci calculation. This discrepancy will need further investi-

gation in future research.
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CHAPTER 7

CONCLUSION

! ! As was stated in Chapter 1, no research has been found in the literature examining real 

time manufacturing equipment energy during production. Machine energy studies reported in the 

literature have been conducted in controlled laboratory settings. The subject of this thesis is the 

collection and analysis of real-time manufacturing equipment energy. Real-time machine energy 

studies in a production environment are important because many corporations are now interested 

in understanding energy consumption at the product and manufacturing cellular level.  Also, the 

proposed models and strategies for reducing energy in a manufacturing setting are lacking real-

world validation data. This thesis reports on a method to collect and analyze real-time manufac-

turing equipment energy data for a simple part. It also reports on the use of that data to validate 

the uplci method (Overcash and Twomey, 2009) to estimate the energy consumed for a part using 

three uplci’s: turret punch uplci, brake forming uplci and drilling uplci. 

Calculating Energy at the Product Level

 The first objective of this thesis was to calculate the energy required to produce a prod-

uct. The research approach was straightforward for all three machines and three products: con-

necting the data logger, sampling a production run, analyzing the data in a spreadsheet, and iso-

lating the power and energy of a batch and then of one product by itself. 

 The results of each machine can be combined into its respective manufacturing process to 

see the total energy for one product, clips. This is shown in Table 13. Using the real-time kWh, 

the data shows that pairing the CNC router and the press brake to manufacture small parts such 

as clips or angles uses less energy overall per piece, as compared to the turret punch and brake.
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  TABLE 13

Energy for a Product Based on Manufacturing Process

Method Standby Mode Partial Mode Full Mode Total kWh per Piece 

Turret Punch + Press Brake 1.439 3.337 4.382 9.457

CNC Router + Press Brake 1.372 0.141 0.027 1.54

 Several key items are needed to successfully use this method in a production setting. 

First, coordination with production scheduling to ensure the correct data is captured on the cor-

rect day. The most difficult part of this analysis was being able to capture product-specific data. 

The job shop environment of the facility in this paper meant that the schedule was apt to change 

throughout the day; while the job schedule may have listed the clips they may or may not have 

been built that day. Such was the case with the CNC router, where clips were on the job schedule 

but other orders took priority before the clip order, so the clips were pushed back a day. Coordi-

nating with production scheduling is a key element if the objective is to capture the data of a spe-

cific product. If the objective is to measure how the machine utilizes energy, then this element 

will not be critical. Instead, the entire production shift of a machine can be measured and then 

this same analysis can be applied to every individual product that was run on the machine during 

that period. This will be a more time consuming analysis because the material, dimensions, num-

ber of holes, bend angles, setup and run time will be needed for every individual part in the pro-

duction run.

 Another key element is to have a trained technician to install the data logger recorder. 

Without a trained technician there is risk that it could be installed incorrectly, reversing polarity, 

or even leaving out important measurements. 
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 Finally, having an employee with a solid working knowledge of the equipment, including 

its motors and wiring, is extremely helpful in determining exactly how the machine uses energy. 

In the case of the CNC router, the workbook downloaded from the data logger displayed zeros 

for the phase A current for much of the time period, except for a few minutes here and there 

when it did use current. It was initially suspected that the data logger was incorrectly installed, 

but it turned out that it was because of the machine’s internal wiring of motors. Another example 

was the press brake, when the power spiked when the foot pedal was pressed and the press was 

lifted up to form the part, but then the dropped back down sharply before returning to average 

power. This was because the hydraulic cylinders were one-way instead of two-way. A thorough 

knowledge of the equipment is invaluable to this type of analysis.

 Any manufacturer could easily employ this method. The learning curve for this type of 

analysis is very short and can be learned quickly by capable workers. The initial turret punch 

data collection and analysis took over six months, but the press brake and router took only a few 

weeks. If a team of five people were conducting this analysis in a medium-sized manufacturing 

facility (like the one in this paper), the energy analysis could be completed within one year. The 

return on investment of this analysis would pay back very quickly because decision-making 

could be improved immediately after each machine’s analysis. General batch runs, CNC pro-

gramming and nesting could be made more efficient, production schedules modified given en-

ergy constraints, or shift schedules could be modified during extreme weather.

 Once an entire analysis is complete, then a system-level improvement could be made on a 

product level. Knowing which products and overall product lines is more energy efficient would 

benefit the company’s bottom line; building products using less energy lowers the cost to build 
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and allows for higher profit on each sale. Knowing the energy would also boost marketing efforts 

and results, just like with Patagonia. The customers of these high-end aircraft want to know that 

their purchase is making less of an environmental footprint.

Validating the uplci Database

 The second objective of this research was to use the results of the energy calculations to 

validate the turret punch, press brake, and router uplci in the uplci database. The results of both 

methods are compared in Table 14. 

TABLE 14 

Energy by Mode Comparison of Two Methods

Method Turret Punch 
Total kWh/Piece

Press Brake 
Total kWh/Piece

CNC Router 
Total kWh/Piece

Real-Time Data 0.223 1.321 0.011

uplci Calculation 0.035 0.009 0.019

 Unfortunately, in all three cases, the real-time data did not validate the uplci database cal-

culations. This could be caused from using averages to make the real-time data comparable to the 

uplci data, from having a low sampling rate on the data logger recorder, or from using estimated 

material or machine specification values in the uplci calculation. This discrepancy will need fur-

ther investigation in future research. Recommendations for improving the accuracy of the real-

time results are presented in Chapter 8.
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CHAPTER 8

FUTURE IMPROVEMENTS

 Knowing this type of analysis will continue into the future, ways to improve the results of 

this approach are suggested for both data collection and analysis. 

Data Collection

 The sampling rate of the data logger was set to record every 5 seconds because the logger 

was running for one entire shift, between six to eight hours. The shear amount of data down-

loaded into Excel for this length of time limits the sampling rate. The sampling rate of the uplci 

database is 50 readings per second, much higher and more accurate than 12 per minute in this 

paper. The difference was that the data collected for the uplci database was only collecting data 

for a short period of time, only while the product was being made. An improvement to the sam-

pling rate for this study could be made by simply recording data for shorter periods of time with 

higher sampling rates.

 Electrical engineering consultants installed the data logger, and it was often difficult to 

schedule them at the same time the production schedule was running clips. In the future it would 

be helpful to train plant maintenance to install the data logger. 

 To ensure precise alignment between the data logger time stamps and the employee 

clocking and job schedule, a time study (or filming) could be done simultaneously as the data 

logger takes readings. This will capture any operator delays, machine problems, or any unantici-

pated events in the actual process that may not be captured by the data logger. 
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Analysis

  Clips are often intermingled with other parts from different product  families. In future 

data collection, a sheet  of clips could be run in isolation to collect the energy. This would elimi-

nate the need to isolate the specific clips by matching the data logger time stamp  to the worker’s 

clocking time stamp and job schedule sequence.

  A thorough understanding of the uplci parameters and calculations is highly recom-

mended before starting data collection begins, so that the analysis begins with the end in mind. 

Gathering material specifications, machine specifications, piece cycle times, and other parame-

ters is crucial to an accurate uplci calculation.

  While most standard spreadsheet programs have basic statistical tools such as average 

and standard deviation, they are not always equipped to handle higher level statistical analysis. 

Software such as Minitab® or the data analysis add on for Microsoft® Excel is helpful in creat-

ing histograms and box plots. 
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APPENDIX 1

UPLCI CASE STUDY ON PUNCHING

Case Study on Shearing and Punching

 In this report we analyze the detailed energy consumption calculations in shearing and 
punching processes. These processes are performed on hydraulic Finn-power shear genius CNC 
turret punch in a high production mode. The machine specifications are listed below:
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APPENDIX 1 (continued)

Table 1 Specifications of Turret punch
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APPENDIX 1 (continued)

Product Details:
 Aluminum coil is selected as the work piece. The work piece is a sheet metal with 0.04 in 
(1.016 mm) thickness as shown in Figure 1. The objective of the study is to analyze the energy 
consumption in punching 2 symmetrical holes of 0.098 in (2.5 mm) diameter through the thick-
ness of the work piece. 

  66



APPENDIX 1 (continued)

Figure 1. Dimensions of the Work piece
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APPENDIX 1 (continued)

Shearing Process:
During shearing operation the tool is considered to be at an offset of 1 in (10 times the workpiece 
thickness) above the workpiece. Every time while shearing the blade comes down from a height 
of 1 in. Similarly we assume the overtravel to be 1 in. It retracts (T+1+1) in. back to the offset 
position after completing the shearing process.

Punching Process:
During punching operation the tool is considered to be at an offset of 1 in (10 times the work-
piece thickness) above the workpiece. Every time while punching die comes down from a height 
of 1 in. Similarly we assume the overtravel to be 1 in. It retracts (T+1+1) in. back to the offset 
position after completing the punching process. 

Time, Power, and Energy calculations for shearing process
The total processing time can be divided into the 3 sub groups of basic time (Load and Unload), 
idle time (Handling), and shearing time.

Shearing time:
The time for shearing is determined by
    ts = (T)/V (sec)
Where V is the Shear blade speed in mm/sec, and T is the thickness in mm.
T = 0.04in or 1mm
V = 0.32 in/sec = 500 mm/min
Time to shear will be,
    ts = (0.04)/ 0.32
         = 0.13 sec/shear
Energy required for each shear,
    E = L * Fs

The force required for shearing a 0.04 in thick and 1.5 inch long of a steel sheet (aluminum coil) 
can be estimated using the following calculation:

                                                                                                            
Fs =    45,000 * (0.6) * (0.04)2 *12     * (1-0.60/2) = 145,152 lbf or 645.67 kN
                             0.25
Rake angle of the blade is assumed to be 0.25
Shearing energy for each shear
    E = 145,152 * 1.5 = 217,728 inch-lbf or 24.60 kJ
Power required P = Fs * V 
= 145,152 * 0.32 = 46,448 in-lb/sec or 5.24 kW
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APPENDIX 1 (continued)

Shearing energy per piece = 24.60 kJ

Time, Power, and Energy calculations for 0.098 in dia hole

 The total processing time can be divided into the 3 sub groups of basic time (Load and 
Unload), idle time (Handling), and punching time.

Punching time:
The time for punching is determined by
    ts = (T)/V (sec)
Where V is the punching die speed and T is the thickness.
T = 1 mm
V = 500 mm/min = 0.32 in/sec
Time to punch will be,
    ts = (1)/ 500
         = 0.002 min/punch = 0.12 sec
Energy required for each shear,
    E = T * Fs

The force required for punching a 0.098 in thick sheet can be estimated using the following cal-
culation:

Fs = "DTS (for round holes) 
Shear strength for Aluminum = 41,000 Psi or 282.69 Mpa
                                                                                                            
Fs =    3.14 * (0.098) * (0.04) *41,000*60     = 6055 lbs or 27 kN
                         
Punching energy for each hole
    E = 27000 * (1/1000) = 27 kJ/punch 

Power required P = Fs * V 
= 6055 * 0.32 = 1614 ft-lb/sec or 2.09 kW/hole

Since there are two holes punching energy per part = 54 kJ/piece or 0.015 kWh

Total engaged energy can be calculated by adding tip energy for shearing and punching process

Engaged energy per piece = Shearing energy per piece + punching energy per piece
          = 24.60 + 54 = 78.60 kJ/piece or 0.022 kWh
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APPENDIX 1 (continued)

Idle Energy:
Handling Time:
The air time for punching is approach, feeding and retracts time
 Total approach retract and feeding time is estimated as 10 sec (air time per piece) for both 
punching and shearing process
Total idle time = tengaged + tair

= 0.37 +10 = 10.37 sec
Idle power from can be assumed as = 10 kW since there is a automatic tool changing from shear-
ing process to punching process. There will be a vacuum motor attached to collect the dust and 
chips during process. We will also add loading energy and holding workpiece energy in the idle 
energy calculations.

Idle energy = 10 * 10.37 = 103.7 kJ/punch or 0.029 kWh

Basic Energy:
Loading and unloading time can be assumed as 30 sec
Pbasic  = 1.25 kW
Ebasic = Pbasic * ttotal

ttotal = tbasic + tidle = 30 + 10.37 = 40.37 sec
Ebasic = 1.25 * 40.37 = 50.46 kJ/piece or 0.014 kWh 
Etotal = 78.6 + 103.7 + 50.46 = 232.76 kJ/piece or 0.065 kWh

Energy Type Kwh/piece Dist/piece
Engaged Energy 0.022 33.84%

Axis movement and loading 
energy

0.029 44.62%

Basic energy 0.014 21.54%
Total energy 0.065
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APPENDIX 2

UPLCI CASE STUDY ON BRAKE FORMING

In this report we analyze the detailed energy consumption calculations in brake forming 
process. The forming process is performed on Amada RG Series CNC press brake machine (RG-
M2 8024). The machine specifications are listed in Table MC 1:

Table MC 1 Machine specification

Specifications AMADA
Model Number RG-M2 8024

Max. Bending force, kN 500
Approach Speed, in/sec 3.15
Bending Speed, in/sec 0.28
Return Speed, in/sec 2.4

Main motor, kW 3.7
Motor 2, kW 0.4

3 Axes motor out-
put(X,Y,Z), kW

0.75

Total Maximum Power 
consumption

6kW

Product Details
 For this case study we used a aluminum clad coil sheet as the work piece. The work piece 
is of sheet-metal part of 0.04 in. (1 mm) thick and 4.2 in. (106.68 mm bend length is bent to an 
included angle of ! = 900 in a V-die. The objective of the study is to analyze the energy con-
sumption in press brake machine. The die opening is 24 mm. The metal has tensile strength of 
13,350 psi (92 Mpa).

Process Parameters
 The forming conditions and the process parameters are listed in Table MC2.
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APPENDIX 2 (continued)

Table MC1.5. Process Parameters for Example Case 
Process Conditions
Sheet thickness (T) 0.04 in

Ultimate Tensile strength (UTS) 13,350 psi
Die opening (W) 0.32 in
Bend angle (A) 90 deg
Bend radius (R) 0.30 in
Bend Length (L) 4.2 in

Die closed depth, D (4T) 0.16 in 

Brake forming process
 During forming operation the tool is considered to be at an offset of 6mm (6 times the 
workpiece thickness) above the workpiece. During brake forming the tool comes down from a 
height of 6mm. It retracts (D+18) mm back to the offset position after completing the forming 
process. 

Time, Power and Energy calculations for V-bend
 The total processing time can be divided into the 3 sub groups of basic, idle, and brake 
forming time.

Brake forming time:
! The time for bending is determined by
    tforming = (D)/V (sec)
Where V is the bending speed in mm/sec, and D is the die depth.
D = depth of close die = 0.16 in.
V = 0.28 in/sec 

Time to bend will be,
    tforming = (0.16 in)/0.28 in/sec)
         = 1 sec/bend
Energy required for each bend,
    E = D * F
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APPENDIX 2 (continued)

The force required to bend a 4.2 in long sheet of aluminum coil 0.04 in. thick can be estimated 
using the following calculation:

F = S L T2 K/ W                                                                                                            
F =    13,350 psi * (4.2) * (0.04)2 * 1.33    = 372.86 lbf = 1,659 N
                             0.32
Brake forming energy for each bend,
    E = 1,659 N * 0.004 m = 6.74 kJ
Power required P = F * V 
= 1,659 * 0.007 = 0.012 kW/bend

Handling Time:
 The air time for bending is approach and retract time:
 Approach time = 6/80 = 0.075 sec
 Retracts time = (6 + D) /60 = 10/60 = 0.166 sec
Total air time = 0.24 sec
Total idle time = tbf + tair

= 1 + 0.64 = 1.24 sec
Idle power from Appendix 1 can be assumed as = 2.5 kW
Idle energy = 2.5 * 1.24 = 3.1 kJ/bend

Basic time:
Loading and unloading time t = 3.8 + 0.11 (L + W)
= 3.8 + 0.11 (106 + 8)
= 16.34 sec = tl/u 

Pbasic = 1.25 kW
Ebasic = Pbasic * tbasic

Tbasic = tl/u + tidle = 16.34 + 1.24 = 17.58 sec
Ebasic = 1.25 * 17.58 = 21.98 kJ/bend

Total Energy 
Etotal = 6.74 + 3.1 + 21.98 = 31.82 kJ/bend
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APPENDIX 3

UPLCI CASE STUDY ON DRILLING

 In this report we analyze the detailed energy consumption calculations in drilling process. 
The machining process is performed on Multicam 3000 series CNC Router in a high production 
mode. The machine specifications are listed below in Table 1:

Table 1 Specifications of Multicam – 3000 series CNC Router

Model 3-101R 3000 Series
TRAVEL Linear

X axis Travel (mm) 2500 
Y axis Travel (mm) 2000 
Z axis Travel (mm) 304

TABLE
Table dimensions, mm 1270 x 1270

SPINDLE (rpm) 8000 
Rapid Traverse (X,Y) (m/min), HTR 43.2

Rapid Traverse (Z) (m/min), VTR 43.2
Cutting Feed rate (mm/sec) 423

3 Axes motor output (X, Y, Z) (kw) 2.0 / 2.0 / 2.0
Floor Space (L x W x H) 4100 x 2640 x 2810 mm

Machine Weight (kg) 1350
Vacuum motor 1.5 kW
Spindle Motor 2.23 kW

Maximum machine power 3.75 kW

Product Details:
 Aluminum alloy 2024T3 (BHN 120) is selected as the work piece. The work piece is a 
sheet metal with 0.063 in (1.6 mm) thickness. The objective of the study is to analyze the energy 
consumption in drilling 4 symmetrical holes of 0.16 in (4 mm) diameter and 2 symmetrical holes 
of 0.2 in (5 mm) diameter through the thickness of the work piece. 
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APPENDIX 3 (continued)

Figure 1. Dimensions of the Work piece

Machining Process:
 Before drilling holes on the work piece in a CNC machine, it is important to set the co-
ordinate axes of the machine with respect to the work piece. The top hole on the top surface is 
considered as the origin (reference point). All dimensions are considered with reference to the 
origin. The direction along the length and breadth are taken as positive X and Y axis respectively. 
The vertical plane perpendicular to the work piece is considered as the Z-axis. The direction in-
wards the work piece is taken as negative.
 During the drilling process the tool is considered to be at an offset of 10 mm above the 
work piece. Every time while drilling a hole the tool comes down from a height of 10 mm before 
drilling a hole with 10 mm overtravel. For a 1.6 mm workpiece thickness, it retracts 21.6 mm 
back to the offset position after completing the drilling process. The feeds and speed are stated in 
Table 2.
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!"#$%&'&
Cutting Parameters for Example Case

Density of Aluminium alloys BHN 120 2712kg/cu.m
Cutting Speed (V) 296ft/min 90.221m/min
Diameter of smaller hole 0.16in 4.064mm
Diameter of larger hole 0.20in 5.080mm
Feed for 0.16 dia hole (F) 0.003in/rev 0.076mm/rev
Feed for 0.2 dia hole 0.005in/rev 0.127mm/rev
Depth of the hole (d) 0.063in. 1.6mm
Spindle speed for 0.16 dia hole (N) 7066RPM 7066RPM
Spindle speed for 0.28 dia hole (N) 5655RPM 5655RPM
Feed Rate for 0.16 dia hole (fr) 21.20in/min 538.50mm/min
Feed Rate for 0.2 dia hole (fr) 28.27in/min 718mm/min
Volume removal rate for 0.16 dia (VRR) 0.43in^3/min     6984.82 mm^3/min
Volume removal rate for 0.2 dia (VRR) 0.89in^3/min 14551.71mm^3/min
Volume  material removed for 0.16 hole 0.0013in^3 20.76mm^3
Volume material removed for 0.2 hole 0.002in^3 32.43mm^3
Specific cutting energy (Up) 0.28hp/in.3/min 0.76W/mm^3/sec
Time for drilling 0.16 dia hole (t) 0.18Sec 0.18Sec
Time for drilling 0.2 dia hole (t) 0.13Sec 0.13Sec
Power required to drill 0.16 dia hole 0.11934Hp 0.08847kW
Power required to drill 0.2 dia hole            0.24864 Hp 0.18432kW
Energy required to drill 0.16 dia hole 0.02128Hp-sec 0.01577J
Energy required to drill 0.2 dia hole 0.03325Hp-sec 0.02465kJ/hole

Time, Power, and Energy calculations for 0.16 in dia hole
 The total processing time can be divided into the 3 sub groups of basic time, idle time, 
and drilling time.

Drilling Time:
The time for drilling or enlarging a through hole of length 1.6 (mm) is determined by
    tdrilling = d/f*N = d/fr  (min)
Where d is the workpiece thickness of the given hole in mm, f is the feed in mm/rev, and N is the 
drill rotational speed in rev/min.
d = depth of the hole = 1.6 mm
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Time to drill a hole will be,
    tdrilling = (1.6)/ 538.5
         = 0.003 min/hole = 0.18 sec/hole
Machining Power for 0.16 in. dia hole,
    pdrilling = VRR * Specific cutting energy
VRR from Table 2. = 6984.82 mm3/min (116.41 mm3/sec) and specific cutting energy, Up, from 
Table MR1.2(a) = 0.76 W/mm3/sec
    pdrilling = (116.41) *0.76 =  0.0885 kW
Tip Energy required per hole is edrilling = pdrilling * tdrilling = 0.0885 * 0.18 = 0.01577 kJ/hole
Tip energy required for 4 holes = 0.063 kJ/4 holes

Time, Power, and Energy calculations for 0.2 in dia hole
Drilling Time:
The time for drilling or enlarging a through hole of length 1.6 (mm) is determined by
    tdrilling = d/f*N = d/fr  (min)
Where d is the workpiece thickness of the given hole in mm, f is the feed in mm/rev, and N is the 
drill rotational speed in rev/min.
d = depth of the hole = 1.6 mm

Time to drill a hole will be,
    tdrilling = (1.6)/ 718
         = 0.002 min/hole = 0.13 sec/hole
Machining Power for 0.2 in. dia hole,
    pdrilling = VRR * Specific cutting energy
VRR from Table 2. = 14551.71 mm3/min (242.52 mm3/sec) and specific cutting energy, Up, from 
Table MR1.2(a) = 0.76 W/mm3/sec
    pdrilling = (242.52) *0.76 =  0.1843 kW
Tip Energy required per hole is edrilling = pdrilling * tdrilling = 0.1843 * 0.13 = 0.0246 kJ/hole
Tip energy required for 2 holes = 0.049 kJ/2 holes

Tip energy required for drilling 1 part =  0.049 +0.063 = 0.112 kJ/part

Idle Energy Calculations:
Handling Time
Time required for the drill bit to move from home position to approach point (25mm) is essen-
tially drilling in air. The air time of the rapid traverse speed to approach is 
    ta1 = 25/ (traverse speed)
    ta1 = 25/ 43,200 mm/min
        = 0.03 sec (neglect)
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Time required for the drill to move from offset position to work piece location is called approach 
time and is essentially drilling in air. The air time of the approach is
    ta = 10/fr

    ta = 10/ 538.5 mm/min
        = 1.2 sec

Following this logic, the air time for a single hole, when not cutting the workpiece, is the ap-
proach plus overtravel distance which are repeated when the drill retracts, the handling distance 
is
   (approach + overtravel) + (retraction) 

ta = [ 10+10]/(fr) + [(10 + d + 10)]/VTR
ta = (20)/(538.5) + [10+1.6+10)]/43,200 mm/min
   = 0.04 min = 2.5 sec per hole 
There are six holes so we need to multiply by 6 for total air time which is 15 sec

Idle power of the machine can be calculated based on the individual power specifications of the 
machine.
    Pidle = Pspindle + Paxis 

The assumed values are 
Pspindle = 2.23 kW (~3 hp); Paxis = 2 kW (~2.75 hp) When they are loaded we can assume only 
60% of the power will be consumed.

To convert a horse power rating (HP) to Watts (W) simply multiply the horsepower rating by 746

Idle power for the process is 
Pidle = Pspindle  + Paxis

            = 1.33 + 1.2 
            = 2.53 kW
Total Idle time for 1 part t idle = ta + tdrilling = 15 + (0.18*4+0.13*2)
           = 16 sec

Total Energy during the idle process per hole is,
    eidle = Pidle * tidle  
            = 2.53*16
            = 40.48 kJ/part
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Load/unload Time (Basic energy calculations for whole part):
The total basic time can be determined based on the following assumptions for this example:
• The workholding device used for clamping the workpiece is a simple vise, Table MR1.4.
• The total time required to mount the work piece on the vise manually is thus 9.3 sec.
• After completing the drilling process on a single workpiece, the machine is cleaned using 

pneumatic cleaners or air blowers. The time required to clean the machine is assumed to be 0.4 
min (25 sec).

• The machined part has to be removed manually from the fixture. The time required to remove 
the material from the fixture is assumed to be 9.3 sec.

Therefore, load/unload processes time for this study is,
    Tl/u = loading time + cleaning time + unloading time
         = 9.3 + 25 + 9.3
         = 44 sec
Basic power of the machine can be assumed as the 1/8 to 1/4th of the machine maximum in the 
manufacturer specifications. Therefore the power consumed during the basic process is,
    Pbasic = 0.5  kW
Energy consumed during this process is,
    Ebasic = Pbasic * tbasic

The basic time for the process to drill 1 hole can be taken as the sum of idle time (which contains 
machining time) and load/unload times, i.e.
    Tbasic = Tl/u + tidle

             = 44 + 16
             = 60 sec
ebasic per part = 0.5* 60 = 30 kJ per part

Total Energy required for drilling 1 part can be determined as,
    eprocess = edrilling +eidle + ebasic

     =0.112 + 40.48 +30 = 70.59 kJ/ one part

Power required for machine utilization during drilling per hole is,
    Pmtotal = eprocess / ttotal

         = 70.59/77 = 0.92 kW.
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