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ABSTRACT 

In various engineering applications, need of miniature components is 

increasing manifolds with the continuous evolution of micro and nano 

technology. There are several techniques with in the subtractive and 

additive manufacturing methods/ techniques, however among all, micro 

milling shows great promise in manufacturing and fabrication of micro/ 

nano components required in aerospace, electronic/electrical, 

instrumentation and bio-medical applications. In aerospace applications 

alone, micro milling may be used for fabrication of moulds for micro gears, 

miniaturized components for rockets, micro gyroscope parts in missiles, 

micro servos and valves etc. Due to superior mechanical properties, 

aluminum and titanium based alloys are used in aircraft, armor plating, 

naval ships, spacecraft, missiles and biomedical applications. 

Measurement of cutting forces during micro machining is an important 

activity which helps in establishing the quality of both the machined 

product and the machining process. Therefore, in this study, strain gauge 

based 3-DOF dynamometer is designed and fabricated using commercial 

of the shelf load cells for calculating cutting forces in macro machining of 

Al based aerospace alloy. Subsequent to design and fabrication, 

experimentations were performed and the results were compared with 

those available in literature. This research is envisaged to act as stepping 

stone for utilizing the same approach for calculating micro forces during 

micro milling machining processes. 

 
Keywords: Dynamometer, Cutting Forces, Milling Machining, Arduino 

Mega 2560, Strain Gauge Based Load Cells.  
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CHAPTER 1: INTRODUCTION 

Background 

1. Detection and quantification of physical variables are undertaken by 

easuring the effects they cause, for example a force cannot be seen 

directly instead it is quantified by measuring its effect such as stress, 

displacement and/or deformation. These effects may also be referred to 

as signals. Generally, signals require pre-conditioning prior to their 

interpretation thus requiring amplifier and/or Analogue-to-Digital Convertor 

etc. Depending on importance of signals, the sensing systems may also 

require online/offline monitoring and data archival modules so that signals 

are preserved for further analysis by subject matter experts.  

 

 

Figure 1 : Principle of Measurement 
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Scope of Research 

2. The scope of this research is to develop strain gauge load cell 

based 3-DOF (axis) dynamometer able to sense cutting forces during 

Milling Machining processes. 

 

Research Objectives 

 

3. Objectives of the research are appended as below: 

a. Determine most suitable and easily available strain gauge 

based load cell and establishing feasibility of interfacing load cell 

with Integrated Development Environment (IDE) of Arduino.  

b. Performing functional testing of Load Cell with Arduino 

Mega2560. 

c. Integrating multiple load cells with Mega2560 to develop a 

dynamometer. 

d. Design Validation through experimentation. 

 

Outline of Thesis Report 

 

4. Thesis report comprises of five chapters as listed below: 

a. Chapter 1 : Introduction 

b. Chapter 2 : Literature Review 

c. Chapter 3 : Methodology 

d. Chapter 4 : Results and Discussion 

e. Chapter 5 : Conclusions and Recommendations 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Machining process monitoring is considered as one of the most 

common and necessary requirement in the “Industry 4.0 era”. It can also 

be compared with the concept of integrating precision sensors and 

equipment with the machine tools in such a way that machining process is 

efficiently and pro-actively monitored [1]. 

2.2. One among the most important and fundamental aspect in 

monitoring machining operations is to measure cutting forces [2]. It 

enables to identify following aspects of the machining processes: 

a. Machinability of materials 

b. Machining Malfunctions/ failures. 

c. Monitoring tool usage/ wear. 

d. QA/ QC of part being machined. 

2.3. Most common method of measuring cutting forces during 

machining is by using a dynamometer [3]. A dynamometer can 

conceptually be classified into four basic types, appended as following [4]: 

a. Indirect Measurement Dynamometers 

 It may work on the principle of drive motor current 

monitoring and/or shaft displacement measurement 

using position sensors, etc. 

b. Capacitance Based Dynamometers 

 It is commonly spindle mounted apparatus which 

continuously measures the gap between rotating 

spindle shaft and spindle housing. 

c. Strain Gauge Based Dynamometers 

 Traditionally strain gauges mounted on four elastic 

octagonal rings.  

d. Piezoelectric Based Dynamometers 

 Most common and widely used, piezo sensor 

sensitive to changes in the applied load/ pressure. 



4 
 

2.4. Among the above listed type of dynamometers, the most commonly 

and widely used dynamometers are either of the following: 

a. Strain gauge type and/or 

 Inexpensive but less accurate and less consistent 

b. Piezoelectric type  

 Highly accurate, reliable, and repeatable but 

expensive for material cost and stringent construction. 

2.5. Some of the contribution to body of knowledge in design and 

development of dynamometers is discussed as following: 

a. Samir Makid. (2014) 

 Title of the conducted research was “Design and 

Testing of a Micro-Dynamometer for Desktop Micro 

Milling Machine”. In this research, author designed a 

piezo sensor based micro-dynamometer to measure 

cutting forces. It has been equipped with a data 

acquisition system comprising of hardware and 

software all developed for the purpose [4]. 

b. Yaldiz et al. (2007) 

 The research by the authors pertains to design and 

development of four component dynamometer. A 

dynamometer design was presented using octagonal 

rings on which strain gauges were mounted to 

measure cutting forces during milling machining [5]. 

c. Bhargav et al. 

 The designed Dynamometer was based on classical 

four octagonal ring members on which strain gauges 

were installed for measuring cutting forces during 

milling machining. The results of designed 

Dynamometer are compared with those on Kistler 

Dynamometer [6]. 

d. Yingxue et al. (2016) 
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 Authors have presented a strain gauge based three 

component fixed dynamometer. The authors utilized 

octagonal ring concept in their research [7]. 

e. Fenghe et al. (2018) 

 Authors presented a force measuring tool holder 

system based on strain gauge sensors. It was 

designed and developed for measuring the axial force 

and torque [8]. 

f. Ming et al. 

 Authors presented a novel instrumented working table 

with integrated polyvinylidene fluoride (PVDF) thin film 

sensors, thus enabling the dynamic miling force 

measurement [1].  

g. Milfelner et al. 

 Authors have presented LabView Software based 

cutting force measurement system for ball end-milling. 

The authors described that the efficient and 

successful measuring of cutting forces depends on 

two basic elements, firstly number of sensors used 

and secondly associated signal processing and 

simplification methods. Cutting force measuring 

system during cutting operation as shown in the 

research paper is illustrated as following [9]: 

 

Figure 2 : Cutting Forces Monitoring System Schematic [9] 
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Figure 3 : Most Commonly Sensor Types Used in Cutting Process 
Monitoring Systems [9] 

 

2.6 For basic understanding and measuring of response of the system, 

force sensors are used. The same can be elaborated that cutting forces 

generated during machining processes can be monitored and 

subsequently can be interpreted into tool failures & associated causes and 

surface finish, subsequently, relationship with process controlling 

parameters can be established. Force sensors may also enable to 

efficiently measure impact forces generated during manufacturing 

processes. They may also be useful in controlling of electro-mechanical 

systems.  
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2.7 Some type of force sensors measures the deflection/ displacement 

caused by the force as a result generates electrical signals (in mV) which 

can further be amplified and processed to correlate them to newtons. One 

example of forces versus deflection mechanical mechanism can be a 

helical spring. Hook’s law defines the relationship between force and the 

deflection in the spring while in the elastic region. Piezoelectric and strain 

gauge based force sensors are common while used with half and full 

bridge circuits. These force sensors can measure and monitor both 

impulsive as well as continuously varying forces. 

2.8 Within the force measuring techniques, a general category can be 

defined as that of load cells. These load cells are generally constructed 

with an aim to withstand harsh test environment while equipped with the 

necessary elements to sense and relay impulsive and continuous forces of 

both compressive and tensile natures.  
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CHAPTER 3: METHODOLOGY 

3.1 In this chapter, steps of the undertaken research are elaborated. 

Following block diagram illustrates the adopted methodology: 

 

 

Figure 4 : Adopted Methodolgy 
 

3.2 In the light of Aim and Objectives of research, dynamometer was 

anticipated as per the following conceptual design: 

 

Load Cell Theory  
Identification of 
Suitable Type of 

Load Cell 

Interfacing Each 
Load Cell with 

Dedicated Mega  
2560  

Interfacing All 
Load Cells with 
One Mega 2560 

Fabrication of 
Fitting Assembly 

for Mounting 
Load Cells 

Testing of 
Dynamometer 

 

Calibration in X, 
Y and Z Axis 

Calculating and 
Comparing 

Cutting Forces 
during Milling of 

7075T6  

Conclusions 

experiments.xlsx
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Figure 5 : Conceptual Design of Dynamometer 
 

3.3 A strain gauge based load cell was selected. Specifications of the 

same are tabulated as following: 

Table 1 : Load Cell Specifications 
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Figure 6 : Load Cell (Strain Gauge Based – 20Kg) 
 

3.4 The above shown load cell bears strain gauges in a full bridge 

circuit. Colour coding of wires and circuit diagram are illustrated as 

following: 

Table 2 : Colour Coding of Load Cell Wires 

 

S.No Wire Color Code 

1. Vcc Red 

2. GND Black 

3. Signal + (A+) Green 

4. Signal – (A-) White 
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Figure 7 : Circuit Diagram of Load Cell 
 

3.5 HX-711 (ADC) 

 

3.5.1 Interfacing of a load cell with a microcontroller requires signal 

amplifier as well as Analogue-to-Digital Converter. It was deduced from 

literature that HX-711 is best suited for interfacing full brodge circuits with 

microcontrollers. It is a semi-conductor based board which amplifies load 

cell signals as well as enables interfacing for subsequent signal 

interpretation. Figures below illustrate HX-711 board and its circuit 

diagram: 
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Figure 8 : HX-711 

 

 

 
Figure 9 :Circuit Diagram of HX-711 

 

3.6 Arduino Mega2560 

3.6.1 Arduino Mega2560 is a micro-controller board. It is based on 

ATMega2560 microcontroller processor. It possesses a number of digital 

and analogue pins which can be used as Input/ Output ports. Mega2560 

board can communicate serially with PC through USB port. Arduino 

Mega2560 can be pre-programmed in Integrated Development 

Environment (IDE) of Arduino. Figure below illustrates the Mega2560 

board and its pins: 
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Figure 10 : Arduino Mega2560 
 

3.6.2 Interfacing Load Cells with Mega2560 

Load cells were interfaced with Mega2560, initially each load cell with a 

dedicated Mega2560 boards. Subsequently, 03 x load cells were 

interfaced with one Mega2560 by combining following wires in output 

wires of HX-711 with each other thus enabling them to share similar ports 

on Arduino Mega2560: 

 

a. PWR wires 

b. GND wires 

c. SCK Wires 

 

Following circuit diagram illustrates interfacing of 01 x Load cell and 03 x 

Load Cells with Arduino Mega2560 respectively: 
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(a) Interfacing 01 x Load Cell with Arduino Mega2560 

 

 

(b) Interfacing 03 x Load Cells with Arduino Mega2560 

 

Figure 11 :Interfacing Load Cells with Arduino Mega2560 
 

3.7 Fabricating Fitting Assembly and Functional Testing 

Dynamometer 
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3.7.1 Fitting assembly was fabricated and 03 x Load cells in three axis (x, 

y, z) were installed to sense forces in X, Y and Z axis. Initial testing was 

performed to check for working and proper functioning. Figures below 

illustrate fabrication and testing of dynamometer: 

 

(a) Load Cells Installation 

 

(b) Assembling Fitting Assembly 
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(c) Functional Testing of Dynamometer (forces in x, y and z axis in 

serial plotter of IDE 1.8.9) 

 

Figure 12 : Fabrication and Testing of Dynamometer 
 

3.8 Calibration of Dynamometer 

 

3.8.1 Dynamometer was calibrated in X, Y and Z axis by calibrating load 

cells in IDE 1.8.9. Calibration curves were plotted, and illustrated below, 

as relation between applied load and subsequent readings in newtons. 

Load No Weight 

(g) 

Readings 

(N) 

1. 10g 0.104 

2. 20g 0.204 

3. 30g 0.301 

4. 40g 0.399 

5. 50g 0.501 

 

(a). X-Axis Calibration 
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Load No Weight 

(g) 

Readings 

(N) 

1. 10g 0.11 

2. 20g 0.23 

3. 30g 0.33 

4. 40g 0.42 

5. 50g 0.52 

 

(b). Y-Axis Calibration 

 

Load No Weight 

(g) 

Readings 

(N) 

1. 10g 0.1 

2. 20g 0.21 

3. 30g 0.3 

4. 40g 0.4 

5. 50g 0.51 

 

(c). Z-Axis Calibration 

 

Figure 13 : Calibration Plots of Dynamometer in X, Y and Z-Axis 
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Chapter 4: RESULTS AND DISCUSSION 

4.1 Experiments were performed based on the concept that 

dynamometer is installed below the workpiece. It is worth mentioning that 

lower plate of the dynamometer was secured with machining vise whereas 

the top plate carries workpiece in a way that cutting force is sensed by 

load cells, installed in Z position (each end secured with either top or 

bottom plate of dynamometer). Following figure depicts the schematic of 

dynamometer: 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 : Dynamometer Schematic 
 

4.2 Experimental/ process conditions for the experiments are tabulated 

as following. It is noteworthy that these conditions were borrowed from 

literature as cutting forces at these conditions are known [10]. 

Furthermore, capabilities of the existing machine (MV-1060, slow rpm 

machining center) at CNC Lab of SMME are also in favour of the 

Dynamometer 

HX711 HX711 HX711 

 Arduino Mega2560 

Capture Data (.txt) {Cool Term} 

MS Excel 

{Load Cells} 
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aforementioned publication. Process conditions and process parameters 

are tabulated as following:  

Table 3 : Process Conditions 

 

Table 4 : Process Parameters 

 

4.3 Following figures illustrate the experimental setup. Dynamometer 

and associated hardware’s were installed as discussed earlier and shown 

as below: 
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Figure 15 : Experimental Setup 
 

4.4 Experimental Results 

4.4.1 09 x Experiments were performed as already been performed and 

published in literature. Cutting forces observed during these experiments 

were noted. Following table shows the spindle speed, feed rate and 

observed forces in X and Y axis: 

Table 5 : Experiments and Observed Forces  

S.No Spindle 

Speed 

(RPM) 

Feed Rate 

(mm/min) 

Fx avg (N) Fy avg (N) 

1. 1911 100 28.43 30.22 

2. 1911 200 41.93 43.30 

3. 1911 300 49.39 51.04 

4. 3822 100 20.82 22.49 
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5. 3822 200 30.86 32.52 

6. 3822 300 39.32 40.85 

7. 5733 100 19.68 17.75 

8. 5733 200 28.48 21.64 

9. 5733 300 32.1 31.63 

4.4.2 Results were ploted in MS Excel and compared to those already 

pubished. Forces observed during the above experiments were found to 

be in agreement to already published cutting forces on milling of 7075T6 

on the given conditions [10]. Plots below shows the comparison between 

sensed forces on kistler as undertaken vide [10]: 

 

Figure 16 – Cutting Forces during Milling of 7075T6 [10] 

  

Figure 17 – Cutting Forces Observed on New Dynamometer during Milling 
of 7075T6 
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CHAPTER 6: CONCLUSION & RECOMMENDATIONS 

6.1 Subsequent to design, development and testing of load cells based 

dynamometer, following is concluded: 

a. Strain Gauge Based Load Cells can be used effectively for 

measuring cutting forces during Milling Machining 

b. Interpretation of multiple load cells signals can be 

undertaken by an Arduino Mega2560 board. 

c. Cutting forces can be monitored online through Serial 

Monitor/Plotter in IDE. 

d. Cutting forces data can be captured using third party 

softwares (eg. Cool Term) for data archival and offline monitoring. 

e. Concept followed by Design validated from experimentation 

and results are in agreement to that published in literature as per 

given conditions. 

6.2 Based on the undertaken research following is recommended as 

future work: 

a. Design may also be validated by replacement of load cells 

with piezo sensors 

(1). Load Cells based on piezoelectric sensors may be 

used in place of strain gauge based load cells 

b. Special vises with high strength to weight ratio may be 

designed for holding workpieces of different sizes and shapes 

c. Printed Circuit Board (PCB) may be fabricated for circuitry of 

the dynamometer to reduce wiring requirements and eliminate 

loose connectors/ soldering.  
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Appendix A 

 

Operational Code 
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Appendix B 

Calibration Code 

 


