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Abstract 

 

 

 

 

This research focuses on finite element analysis of the design and sensitivity of a circular force 

transducer known as a proving ring. Proving ring is widely used in various engineering 

applications and industries for force measurement. However, the current proving ring design 

suffers from stress imbalance in the radial direction. Therefore, in this research study, a hypothesis 

was made whereby a variable cross section design idea was implemented to optimize the stress 

distribution in the ring and enhance the ring sensitivity. Experimental work was conducted to 

identify the material property and force measuring properties of an unused proving ring found in 

laboratory. The results of the experiment were than used as a basis for design improvements. In 

the preliminary work, a circular ring and octagonal ring were simulated and compared to test the 

hypothesis. The results were positive in that a variable cross section design, represented by the 

octagonal ring, results in lower stress levels. Generalized reduced gradient (GRG), bi-directional 

evolutionary algorithm (BESO) as well as the ABAQUS TOSCA shape optimization codes were 

then used to further optimize the ring with respect to stress. It was found from the optimization 

results that ring thickness was minimum between 45-50° where bending stress is 0 and maximum 

at point of load application. The varying cross section design of the optimized shape also showed 

reduced stress levels to varying degree based on the optimization codes used. GRG optimization 

saw the largest decrease in maximum stress by 98%. ABAQUS shape optimization code reduced 

the horizontal stress by 66.5%. BESO optimization having the most modest results of the three 

optimization codes with a 1% increase in maximum stress and stress decreased by 9% at the 

horizontal location. In terms of sensitivity, all three optimization techniques produced improved 

results with ABAQUS showing the largest sensitivity increase by 48.7% followed by GRG at 

19.5% and BESO at 8.3%. The optimization results were then used in designing a novel modified 

proving ring. Comparisons to the circular and octagonal ring of similar sizes with varying thickness 

to mean radius ratio showed that the stress strain levels, deflection characteristics and ring 

sensitivity of the modified ring compared favourably. Lastly, a further enhancement was made to 
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the modified ring by adding a double ring design. Stress levels were seen to have significantly 

reduced by 48.6% with stress distribution also seen to have been more evenly distributed 

particularly on the inner surfaces of the ring. The outer sensitivity was found to have decreased by 

48.1% however but inner ring sensitivity increased by 4.9%. 
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Chapter 1 

 

 

 

 

Introduction 

 

 

 

 

1.1 Preamble 

 

This thesis was written with the aim of contributing significant knowledge in the field of 

force measurement. A common force measuring device is a force transducer. A force transducer 

is a mechanical device that measures applied force. Force transducers comes in many different 

types, shapes, capacities and form. The basic principle of a transducer is when force is applied, 

certain characteristics of the object will change such as height, length, electrical resistance, 

pressure and etc. The simplest example of this can be seen on a weighing scale with a spring acting 

as the force measuring member. The force acting on the spring creates a deflection which 

corresponds to the force acting on it and therefore the weight of the object placed on the scale. 

The most common type of force transducer for high load application is the strain gauge 

load cell. A strain gauge is installed onto the surface of an elastic member whereby each gauge 

measures the local strain at each position. Force is then determined and computed from all the 

individual strain measurements at each location. An example would be circular force transducer 

or proving rings with attached strain gauges in a Wheatstone bridge configuration. Force can also 

be measured by means of pressure. An example of a pressure-based force transducer is the 

hydraulic load cell. It is a device with piston and cylinder components that contains hydraulic fluid 

usually in the form of oil and the loading member connected to a piston. When force is applied, 

the movement of the piston creates fluid pressure in the load cell. A high pressure hose or Bourdon 

tube with hydraulic fluid is connected to the bottom of the load cell and pressure is transmitted to 
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a hydraulic pressure dial gauge. A pneumatic load cell has the same basic principle as the hydraulic 

load cell but with air instead of hydraulic fluid. Applied force can be measured simply by moving 

the piston which induces pressure into a chamber sealed with a close-fitting cap. Air pressure 

accumulates until it is equal to the force on the cap, with any excess either bleeding out from the 

cap or from the nozzle. At pressure equilibrium this indicates the applied force, which can be read 

using a pneumatic pressure gauge. Another type of force transducer involves using a vibrating 

element. A tuning fork load cell can be used to measure force by measuring its resonant frequency 

when it is made to vibrate [1]. The load cell consist of two parallel band splines that vibrates at 

opposite directions in resonance. Changes in resonance due to applied force is then measured using 

two piezo-electric sensors located near the vibration nodes at each splines. Two other vibration-

based transducers are vibrating-wire transducer and the surface-wave resonator load cell. Both 

these transducers have the same operating principle as the tuning fork load cell but with different 

vibrating element. Regardless of the type of force transducer, in order for a force transducer to 

work properly, calibration is required whereby increments of known force is applied over a period 

of time and changes in the selected parameter is recorded with respect to the force applied.        

From the examples listed above, it is clear that the nature of force acting on an object to 

create measurable change to its physical characteristics means that there are various other types of 

force transducers other than the ones mentioned above. Therefore, at its most fundamental, a force 

transducer is basically a device that responds or reacts linearly towards applied load with high 

repeatability after multiple cycles of load applications. However, due to its simple design, ease of 

use and adaptability for various engineering uses, an elastic element-based circular force 

transducer or proving ring will be studied in this thesis. The term proving ring and circular force 

transducer will be used interchangeably from this point onwards. 

 

1.2 Proving ring 

 

Force measurement is important in numerous engineering fields and industries. The need 

for an accurate and highly sensitive proving ring is crucial in various agricultural practices such 

measuring forces at attachments or implements. In machining based industries such as in the 

cutting and milling process, dynamic forces are measured primarily to ensure tool life is 
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maintained as well as to ensure the required forces for cutting is optimal. Proving rings has also 

been used for other applications such as friction stir welding processes [2].  

Force measurement is done on a circular force transducer by measuring the deformation of 

a certain parameter, usually the inner diameter of an elastic member, which corresponds to the 

amount of force applied. The measured force can be easily calculated based on the deflection of 

the elastic member if the modulus of elasticity of the material is known. Deflection caused by the 

applied load can be measured by using a vibrating reed and a micrometer screw or dial gauge. This 

method of force measurement by means of ring diametral deflection can be deemed ‘mechanical’. 

The proving ring was first developed in 1927 by H.L Whittemore and S.N. Petrenko. Since then, 

the proving ring has been used in various engineering applications where for measurements plays 

a crucial part such as machining operations and agricultural related applications. The design and 

investigations on the circular force transducers or proving ring revolves around the theory of thin 

rings. The theory of thin rings is based on Castigliano’s second theorem, which is used to derive 

the deflection equation of the ring. The diametral deflection in a ring is measured using digital or 

mechanical means and is used to calculate the force.  

Various shapes based on the circular ring has been designed and studied by numerous 

authors to improve the proving ring. Octagonal ring shaped force transducers were studied due to 

their superior rigidity in machining operations and desirable natural frequency response during 

operation [3, 4]. Extended octagonal ring shaped force transducer has been reported by authors in 

the agricultural field [5, 6]. Hexagonal shaped force transducer were reported to have superior 

metrological performance compared to circular and octagonal shaped transducers [7]. Elliptical 

shaped force transducer were shown to have good metrological characteristics compared to ring 

shaped transducer [8]. From the numerous research reported however, a recurring theme in most 

of the studies conducted were the use of strain gauges to measure strain induced on the ring by the 

load instead of measuring its deflection. A strain gauge is a sensor that transmits electrical signals 

when there is a variation to its resistance due to force applied. It is usually set up in a Wheatstone 

bridge configuration that measures strain distribution parallel to the surface of an object. Strain 

measured by a strain gauge can be classified as either tensile or compressive strain depending on 

the location, which is usually distinguished by a positive or negative sign. When a force transducer 

is under load, the ring deforms. Deformation of the ring induces strain which may be more 

pronounced in certain regions on the ring. This regions are where strain gauges are usually placed 
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to accurately measure the strain distribution which can be then used to measure the force applied. 

Hence most studies focused on the tangential strain distribution which is parallel to the surface of 

the strain gauges installed.  

This research attempted to improve the design of the proving ring with respect to stress and 

its sensitivity with or without the use of strain gauges. This ensures the sensitivity of the ring is 

essentially optimal regardless of the force measuring method used. To achieve both goals of 

optimal stress and increased sensitivity, radial strain distribution studies were conducted to 

improve the sensitivity of the ring with increased deflection and strain the desirable outcome. 

Stress distribution studies in the radial direction were conducted to determine the stress induced 

on the conventional ring during a particular loading cycle. Cross sectional parameters were varied 

to study the effect of the dimensions on the stress distribution and sensitivity of the proving ring. 

The results of this were used and compared in the next section which involves optimization work 

by means of various algorithms conducted to further optimize the ring shape with respect to stress 

without compromising the ring sensitivity. The results of the optimization work saw a common 

shape with ring material redistributed at various locations around the ring. This creates a varying 

cross section ring design.  Sensitivity of the proving is essential for proper usage and accuracy in 

measuring the applied force. This research study on the improved proving ring design will see a 

reduction in cost which would benefit small to medium sized industries.  

 

1.3 Thesis Structure 

 

This thesis is broken down into five chapters. The first chapter establishes main ideas and 

motivations behind the selection of the topic. The background and introduction to force 

measurements, force transducers and the proving ring has been done in the previous section. 

In the second chapter, a thorough literature review was be presented. The first half of the 

chapter covered various aspects of the proving ring including ring shapes, design stresses, factors 

affecting the proving ring and its various applications. The second half covered the research gap 

and questions derived from the literature review and finally the problem statements and research 

objectives. 
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In the third chapter, all methodology pertaining to the work in this thesis will be presented. 

Experimental technique employed in measuring the deflection of the ring with respect to the load 

will be shown. Various finite element analysis parameters for simulation and optimization work 

will be discussed. Shape optimization techniques used in this study will also be presented. Shape 

optimization techniques include bi-directional evolutionary structural optimization or BESO 

technique, nonlinear optimization generalized reduced gradient technique using visual basic code 

and shape optimization through finite element simulation using the TOSCA optimization suite 

found in ABAQUS.  

The fourth chapter presents the results and discussion of the work done in the methodology 

section. Experimental results used to obtain and calculate the modulus of elasticity of the proving 

ring will be presented. Next, preliminary results with respect to conventional proving rings such 

as the circular and octagonal ring shape transducers will be discussed. Results from the three 

optimization techniques will be scrutinized as well as further design suggestions with respect to 

the shape optimization results obtained from the optimization work.  

The fifth and final chapter will summarize the thesis as a whole as well as including the 

main findings and outcome of this research study. Any shortcomings or limitations encountered 

throughout this research will be discussed and therefore future recommendations related to this 

will be presented as well.  
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Chapter 2 

 

 

 

 

Literature Review 

 

 

 

 

2.1 Introduction1 

 

A proving ring, also known as a force transducer, is a mechanical device that measures 

applied force. The word transducer means a device which converts one form of energy into 

another. In a proving ring, this is done by measuring the deformation of an elastic member, which 

corresponds to the amount of force applied. The force can be easily measured based on the 

deflection of the elastic member if the modulus of elasticity of the material is known. Deflection 

caused by the applied load can be measured by using digital sensors that uses strain gauges or by 

using a vibrating reed and a micrometer screw. A dial gauge or micrometer screw and a vibrating 

reed is a typical ‘mechanical’ approach to measuring force. The deflection of the ring is then 

measured which corresponds to a specific load value. Strain gauge on the other hand, which is a 

resistance foil type sensor, measures the strain induced onto the ring by the load. This is done by 

measuring the change in resistance in the strain gauges as the ring deflects. Hence by knowing the 

                                                 
1 The first five sections are currently being prepared for future submission as a review paper for journal publications. 

These sections are from Introduction up to Applications of Proving Rings.  
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strain load values can be easily calculated. A comparative study was conducted by Kumar [9] 

which showed the strength and weaknesses of both these types of force measuring system. The 

study found that the dial gauge, in dial and digital form, suffer from multiple errors. The strain 

gauge however has optimum metrological properties with minimal errors.   

Sensitivity is a major factor when using a proving ring to measure force as this will affect 

the accuracy of the force measuring device. Sensitivity is defined as the amount of strain per unit 

force acting on the ring [10]. To maximize sensitivity, one must maximize strain. This means the 

deflection of the proving ring must be increased or maximized which in turn maximizes the strain 

induced on the ring. However, this would negatively affect the rigidity and the life span of the ring. 

Driven by the need to improve the sensitivity, rigidity and therefore accuracy of the proving ring 

in measuring applied force, multiple authors have published their research on the design of the 

proving ring for various engineering applications. At the heart of their research the authors have 

tried to improve the proving ring by implementing various shapes which are mainly transformed 

from the circular ring. Some of the more common examples found from literature besides the 

circular shape are octagonal ring and its extended form.  

In order to provide a meaningful review on the design of the proving ring, the scope and 

boundaries of this review must first be established. This review study will not address the effects 

of material selection on the proving ring performance. Although material selection is an important 

criterion on the design of the proving ring, it is logical to think that it would have a considerable 

effect on the analysis of the proving ring design and will therefore require a whole different 

research altogether. Although most papers presented here have other components or topics related 

to the study of force transducers, this review will only focus on the design of the elastic element 

of the study. Lastly, this review will only cover force transducers with an elastic element.  
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Figure 2.1 A proving ring under axial load 

 

2.2 Definition of a Proving Ring 

 

The most common shape in proving ring design is the circular shape. Many design 

procedures have been reported over the years from various journal articles. The earliest report on 

the proving ring theory was developed by Timoshenko [11] and Filon [12] in which they described 

the theory behind stress induced on a ring due to bending. Other studies has also been aimed at 

understanding stress distribution due to loading [13]. Similarly, displacement or deflection of a 

ring under compressive load has also been extensively studied [14]. These studies were used as 

the basis for proving ring designs in the coming years.  

 As was mentioned before, when force is applied on a proving ring, this causes diametrical 

deformation of the ring shape. This deformation, also called deflection, is similar to how a simple 

bar would bend or deflect when force is applied at one end while the other end is fixed. Using that 

analogy, the deflection equation for the circular ring can be derived. Therefore, utilizing strain 

energy theory and Castigliano’s Second Theorem, the following equation which governs the 

deflection characteristics of the proving ring is derived [15]: 
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 𝛿 = 0.1485 (
𝐹𝑅3

𝐸𝐼
) (2.1) 

Where,  

F = Force, 

R = Outer Radius  

E = Modulus of Elasticity 

I = Area moment of inertia 

 

2.3 Design of a Proving Ring 

 

The proving ring has been used since the 1920s. The proving ring design generally revolves around 

the use of an elastic member with a circular or elliptical inner shape. Many proving ring shapes 

exist depending on its capacity and use. The more common ones are the circular shape, octagonal 

shape and double extended octagonal rings.  

 

2.3.1 Shapes 

 

Circular shape 

 

The earliest known study on proving ring design was published by Ito et al. [16-17]. They 

found that increment of thickness to mean radius ratio results in increase in sensitivity and rigidity 

of the ring. The role of stress analysis in the design study of a force transducer has also been 

published in which they discussed stress analysis on the design of circular ring with end bosses 

[18]. A simple design procedure using analytical means was discussed by Libii [15]. The author 

presented multiple equations in designing a simple proving ring with attached dial gauge. The 

equations derived were fundamental in calculating the stress, strain and deflection of a ring under 
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compressive load. Finite element analysis approach has also been used in designing the proving 

ring by Chen [19]. This method was used to identify the maximum stress and strain locations on 

the ring for optimal strain gauge placement. Figure 2.1 shows the stress distribution along a half 

ring. The maximum stress was found at the inner and outer portion on the top side the ring. Second 

larger stress was located at the inner and outer surface on the rings horizontal side indicated by the 

middle peak in Figure 2.1. The strain distribution also showed a similar pattern. With this 

knowledge the authors found the ideal location of strain gauge placements to be at the horizontal 

sides where the second larger strains were located. Although this study did not present any 

significant improvement or modifications to maximize the sensitivity of the ring, it does indicate 

critical locations of where sensitivity can be maximized, and the maximum stress reduced. The use 

of strain gauges does have its disadvantage however. Patrick et al. [20-21] presented an application 

of proving-ring technology to measure thermally induced displacements in large boreholes in rock. 

Their study involves the use of strain gauges attached to proving rings to measure displacements 

in micrometers of cooled rock. They found that most of the force transducers failed due to electrical 

shorts in the wiring circuit connecting the strain gauges. The electrical shorts were due to 

contamination caused by moisture. This study proved that strain gauges, although accurate, is 

susceptible to damage in its electrical circuit.   

 

Figure 2.2 Stress distribution along a half ring [19] 
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Multiple design studies have been presented by Kumar et al. [22-27] in regard to the 

circular proving design for general force measuring applications. The basis of their studies were 

the fundamental equations governing the deflection, stress and strain due to loading. The equation 

showed that the deflection of a circular ring is inversely proportional to the width of the ring and 

proportional to the cube of the ratio between radius and thickness of the ring. The highest axial 

deflection for a simple ring was achieved with t/R ratio of 0.10 and t/b ratio of 0.175 [22]. The 

stress distribution was found to decrease along the ring up to an angle of 40° where the minimum 

stress was located, and then increases along the ring quadrant. This observation was also seen with 

deflection, which is highest at the point where axial force is applied, and decreases up to the other 

end of the quadrant, where deflection is considered negligible [24]. A low capacity ring shaped 

was also discussed [27]. The authors claimed that most high capacity thin rings have thickness to 

mean radius ratio t/R between 0.1 to 0.5 but for this study the ratio chosen was <0.05 since it is for 

low capacity. These studies however were mostly concentrated on the performance aspects of the 

transducer and its design procedures that were based on developed equations. Stress distribution 

in the radial direction were not studied.  

 

Figure 2.3 (a) Stress and (b) strain distribution in a quarter ring [26] 

Other ring shape force transducers were also studied based on their intended applications. 

Jain et al. [28] presented a dynamometer design utilizing a short hollow cylindrical bar using 

resistance strain gauges. The length of the cylindrical bar is 35mm with an outer diameter of 15mm. 

Strain gauges were attached in a Wheatstone configuration at various locations along the 

cylindrical bar. From the calibration test, the output voltage had a linear relationship with all three 
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component forces. However, the developed dynamometer was quite small in design and therefore 

used in smaller load applications up to 3500N.  

 

Octagonal Shape 

 

Octagonal or octal ring is a type of proving ring with eight straight edges with a circular 

inner radius. The ring is derived from the circular shape with various enhancements based on its 

intended purpose. From literature, the most common desirable property of an octagonal ring shape 

design is its superior rigidity compared to the circular ring [29]. Its metrological performance has 

also been established to be better than the conventional circular ring [30]. Octagonal rings are also 

chosen in certain force measuring equipment due to having less deflection requirement to measure 

an equivalent strain [31].  Octagonal rings have been extensively used in machining operations 

due to their superior performance in force measurements. During machining operations such as 

cutting or milling, the three force components measured are primary or main cutting force, feed 

force and thrust force. In this type of application, multiple reports have been made of a four 

octagonal ring configuration for the developed dynamometer [2, 32, 33]. The rings are usually 

dimensionally small to fit the whole dynamometer design.  

As was mentioned earlier, octagonal rings have been utilized mostly in machining 

operations. One of the earlier design studies was done by Saglam [34]. Through analytical 

solutions and theory of thin rings, they found the optimal strain gauge location to be 45° from the 

vertical axes as opposed to 39.5° for a circular ring. They identified these locations as where strain 

gauges are ideally placed on the inner and outer ring surface. Further calibration results showed 

the cutting forces exhibit excellent linearity with the output voltage. Cross sensitivity between 

outputs were small enough to be deemed negligible. From the face milling test conducted, they 

found that the dynamometer recorded cutting forces similar to calculated values and therefore 

showed positive results in real world application. Korkut [35] developed a dynamometer design 

and its construction for milling operation. The dynamometer had a four-octagonal ring 

configuration, each attached to a strain gauge, to form a measuring bridge. Dynamic characteristics 

of the ring such as frequency were analyzed and found to fulfill the criteria of having a natural 
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frequency at least four times than the operational frequency during milling. The effect of strain 

gauge locations was also studied. The dynamometer was found to have sensitivity of ±5N. Cross 

sensitivity of the dynamometer was at 0.05%. The author however did not perform any strain 

analysis on the designed ring.   

Yaldiz et al. [29, 36, 37] published a series of studies on the design of an octagonal ring 

mainly used for force measurement in cutting and machining processes. They studied the design 

on a turning dynamometer with octagonal rings as its sensing element to measure the static and 

dynamic cutting forces using strain gauges and piezoelectric accelerometer. Due to the nature of 

the application, the ring material selected was based on a set of criteria namely rigidity, heat 

conductivity, corrosion resistance and high natural frequency. From the calibration test, it was 

found that for cross sensitivity test, the errors found were less than 1% for all axes, with Y axes 

being the smallest at 0.17% for main cutting force. The eccentricity test showed that the output 

errors for all three force components were also less than 1%, with feed force measuring the highest 

at -0.8%. In the second study, strain locations were studied to maximize sensitivity of strain 

gauges. Optimal location was found to be at 45° from the vertical axes instead of 39.6° for a 

conventional circular ring. In the third case, they studied the design and development of a milling 

dynamometer measuring the three component forces during milling operations using strain gauges 

fixed onto octagonal rings and piezo-electric accelerometer. This study focuses on sensitivity and 

rigidity. Linearity test was conducted and was found to be within the range of 1.2-1.5% for all 

three force components. Cross sensitivity test revealed that the errors obtained were within 0.6% 

to 1.7% for all three axes. Eccentricity test conducted showed error obtained by applying a force 

of 1000N at center and 50mm from the calibration point was 0.13% for the thrust force and 0.18% 

for the remaining two forces. Performance test showed that the error obtained was 0.15%. The 

resulting dynamometer was constructed and was found to measure torque, static and dynamic 

cutting forces reliably.  

Karabay et al. [3, 38, 39] recommended some dynamometer designs incorporating the 

octagonal ring shape for use in machining applications. The author mentioned the need for 

dynamometers to be stiff with minimal deflection required in the range of 2.5 x 10-4 to 2.5 x 10-2 

mm. Octagonal ring shape was selected that fits these required criteria. The author emphasized the 

advantages of using an octagonal ring which critically was much more stable in the horizontal 
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force direction than a circular ring. The rings were arranged in a circular pattern with strain gauges 

attached at 45° which is similar to previous studies concerning gauge location. Two of the 

octagonal rings were mounted with eight strain gauges each; four gauges to measure tensile and 

compressive strains when thrust is applied and the other four to measure tensile and compressive 

strains when torque is applied. The designed dynamometer can be used safely for measurements 

of cutting forces for drills with diameters from 5-16mm and feeds from 0.152 to 0.356mm/rev with 

material hardness up to 250HB. The sensitivity of the dynamometer was ±5N with cross sensitivity 

determined at 0.05%.  

Sun et al. [40] published an alternative method to optimize octagonal-ring transducer. The 

authors investigated the optimization of the design of an octagonal ring transducer through stress 

design criterion concept and finite element stress predicting method on three different designs of 

the ring with different thickness. The octagonal ring was determined to measure a two component 

forces (vertical force P and horizontal force F) and a single torque component M. In the design 

analysis, three rings with varying dimensions were compared: model 1 had a thickness of t = 4 

mm, model 2 with thickness t = 5mm and model 3 with thickness 6mm. Models 1 and 2 were of 

equal size however Model 3 was larger than the other two. From the calibration results, they found 

that all three models showed excellent linearity, with model 1 having the highest output voltage. 

Also, they found that model 1 had the lowest maximum force for both force components with 

model 3 having the highest.  From the FEA, the authors found that the maximum predicted stress 

in both P and F direction were smaller than the set stress design criterion. From the FEA stress 

prediction results, maximum stress in the P direction were almost similar across all three models, 

with model 2 being the lowest. The maximum stress in the F direction differed between model 1 

and the other two models, with model 2 having the highest maximum stress value by a slight 

margin and model 1 having the least. Lastly the authors revealed that the average stress error in 

the P direction was higher than average error in the F direction, which were 18.8% and 5.2% 

respectively. However, stress strain characteristics of the ring design was not studied. 
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Figure 2.4 Comparisons between stress levels in all three ring designs [40] 

 

Abuhasel and Soliman [41, 42] presented a performance analysis of octal rings as 

mechanical force transducers. They studied various parameters of an octal ring design as a sensing 

element and its influence on the stiffness and sensitivity of the ring. Design parameters such as 

height, thickness, width and edge radius were varied to determine face length and inner diameters. 

From the simulation results, they found notable strain variation between compressive strain and 

tensile strain along the ring face. The authors also found regions where strain is maximum and 

minimum. From the results, the maximum values for tensile and compressive strains were higher 

than tensile strains and therefore ideal locations for strain gauge placements. The authors also 

studied ideal strain gauge length and its relationship with the average strain. They found that 

generally increasing gauge length results in lower average strain values for all three strain 

components. At a certain length, values of strains such as compressive and tensile strain are equal 

and therefore such lengths are deemed optimal.  
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(a)                                                                         (b)  

Figure 2.5 (a) Schematic design of the octal ring (b) FEA analysis conducted on the 

designed octal ring [41, 42]. 

 

Dhanal [43] presented an octagonal design with boss extensions on the top and bottom side 

of the ring. From the calibration results, all three component forces showed excellent linearity. The 

FEA study was conducted simulating loads of 130, 190 and 300kg. From this study, they found 

the stresses and strain regions were more pronounced in the X direction compared to the other two 

directions. The authors also compared micro strain measurements in all three directions with 

values obtained from the FEA study. It was found that the measured micro strains values differed 

varyingly with values obtained from FEA analysis which were lower, with only measured strain 

values in the X direction at 130kg being higher than the FEA value. Deviation between measured 

micro strain values in X direction were 4.5% and 3.5% for 130 and 300kg respectively. Micro 

strain value in the Z direction produced the largest deviation at 43% and 18% for loads 130 and 

300kg respectively.  

Uddin et al. [4] presented a novel design approach of an octagonal ring with a modified 

ellipse geometry for cutting force measurement. The objective was to increase strain to 

displacement ratio to maximize sensitivity. It was found that maximum strain for the ring occurs 

at 90° and 47.5° under axial and tangential forces respectively. The designed transducer was found 

to have maximized sensitivity at 15% axial and 25% tangential loading. They also found that 

highest sensitivity was achieved when the ratio of equivalent radius and effective thickness was 

0.256. Calibration was done on the transducer and was found to have less than 2% error in force 

measurement. The average error for cross sensitivity was found to be 5% whereas overall 
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uncertainty in measurements was up to 1.78%. The authors found that by introducing an elliptical 

shape into the ring, the sensitivity of the octagonal ring has been increased by 15% and 25% in the 

axial and tangential directions respectively. This design approach shows a variable cross section 

design can increase the sensitivity of the ring without compromising the stress induced on the ring. 

 

Figure 2.6 Uddin et al. showing (a) ring sensitivity with respect to t/r and (b) sensitivity 

comparison between octagonal and octagonal-ellipse ring shape [4] 

 

Double Extended Octagonal Shape 

 

Although research into other shapes has been presented, the more popular shape that has 

been reported by numerous authors was the double extended octagonal ring. The double extended 

octagonal shape is an octagonal based proving ring with a horizontally extended design. Various 

reports has been presented on its practicality and its advantages in various engineering fields as an 

important force measuring component in dynamometer designs [44]. The double extended 

octagonal rings have been used in agricultural field [5, 45-51].  
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Figure 2.7 A typical double extended octagonal ring showing two inner circular radii 

connected by a narrow slit [51] 

One of the earliest reports on the extended octagonal rings established practical design 

constrains limits width to mean radius ratio (b/r) between 1 to 3 [52]. Therefore, most ring designs 

usually follows this ratio on top of other design requirements. An early dynamometer design 

incorporating an extended octagonal ring was presented by O’Dogherty [53]. The dimensions of 

the ring were length L = 121mm, side thickness t = 3.5mm and width w = 38.1mm. These 

dimensions were justified based on design practicality when mounting the ring to the knife. The 

thickness of the ring however was calculated by approximation based on a developed equation 

concerning the tangential force. The bridge sensitivity from the calibration test was found to be 

2.29 and 1.34 times higher than the calculated for vertical and horizontal forces respectively. 

McLaughlin et al.  [54-56] published several reports on the design of double extended 

octagonal ring transducer for force measurement. The extended octagonal rings were placed at 

opposite sides of the drawbar attached with 4 semi rigid bolt joints on the top and bottom portion 

of the rings. Dimensions of the rings were 12.7, 50.8 and 76.2mm for thickness, width and inner 

circular diameter respectively. These dimensions were obtained through trial and error. The 

calibration results showed that the octagonal rings have excellent linearity and sensitivities. Cross 

sensitivities obtained were compensated by the derived predictive force equations. The 

dynamometer was also used in a field test involving a spring tine cultivator and a one-way discer 

with acceptable results. The second study was on the effect of strain gauge misalignment on cross 

sensitivity of extended ring (ER) transducer [56]. They presented an investigation on the 

theoretical analysis using analytical equations to resolve the effect of strain gauge misalignment 
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on the cross sensitivity of an extended ring transducer. For strain gauge misalignment, the authors 

studied the effect of tangential and angular strain gauge misalignment and effect of mismatched 

strain gauges. Tangential misalignment was defined as a misalignment in the x-y plane. Angular 

misalignment is when the strain gauge is located at the desired angle and location of the extended 

ring, but its gauge grid is not parallel to the x-y plane. On the effect of tangential misalignment, 

the authors found cross sensitivities of horizontal bridge to vertical loading was 4.48 x10-3 N N-1 

and vertical bridge to horizontal loading 1.20 x10-2 N N-1. The author noted that sensitivity to 

vertical loading was much lower compared to horizontal loading which results in higher cross 

sensitivity for the vertical bridge. From the combined angular and tangential misalignment 

analysis, the results showed that angular misalignment had no effect on the cross sensitivity when 

tangential alignment was perfect. Strain gauges measuring moment against either vertical or 

horizontal loading however were considerably affected, with cross sensitivity increasing as the 

angular displacement increase. They noted that all these effects may be due to various factors such 

as locations of strain gauges at the secondary strain nodes and the effect of secondary loading. It 

was found that angular misalignment had minimal effect when strain gauges were located at the 

secondary strain node where tangential misalignment predominates but had large effect when 

located in regions of high strain due to secondary loading.  On the effect of nominal gauge location 

with, the analysis found that tangential misalignment results in cross sensitivity of 0.004 N N-1 and 

0.012 N N-1 for horizontal bridge to vertical loading and vertical bridge to horizontal loading 

respectively. This was consistent with earlier reported findings which the author suggest might be 

because of tangential misalignment being the cause of the observed cross sensitivity. A third study 

was on the effect of load fixture design on sensitivity of an extended octagonal ring (EOR) 

transducer [55]. Identical loading and support fixtures were constructed for vertical loading with 

varying spaces on the faces of an extended octagonal ring (EOR). Calibration test was conducted 

by varying the space between the contact points on the loading and the support fixtures. The second 

calibration test studied the effect of varying the bolt torque from 0 to 135 Nm on the sensitivity of 

the EOR at different load spacing length. From the first calibration test of varying load point 

spacing, they found that initially sensitivity decreased slightly but dropped rapidly beyond 100mm 

with sensitivity of about 60% of the nearest point when load point spacing was 190mm. From the 

second calibration test, for 70mm and 150mm, there was no observable change to the sensitivity 

across the range of mounting bolt torque. However, the further the loading point distance the more 
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change was observed, with loading point spacing of 190mm having a 7.3% decrease in sensitivity 

as the mounting torque was increased. Further observations revealed that maximum sensitivity was 

achieved when loading point spacing distance was 70mm or lower. From the results obtained on 

the mounting bolt torque, they claimed that the change in sensitivity was due to the additional 

torque on to the bolt tension introducing a bending moment that interacts with the loading plate. 

This creates distortion on the loading plate and the EOR from two different sources of tension, the 

other being the air cylinder applying a compressive load on the loading plate. The authors noted 

that the effects of these interactions were more pronounced the further away the loading point is 

from the bolt tension due to opposite bending moments from both instances. Consequently, due to 

the nature of the studies stated above, the authors did not present any stress or strain analysis on 

the extended octagonal ring. The study was purely on the effects of various measuring conditions 

and its interactions of different sources of loading and tensions at different locations on the 

sensitivity of the EOR.  

 

Figure 2.8 Dynamometer diagram showing the locations of the extended octagonal rings 

[54]. 

 

 Kheiralla et al. [47] presented a design of an extended octagonal ring dynamometer to 

measure horizontal and vertical forces acting on a three point hitch on a tractor. Three extended 

octagonal rings were used in total as shown in the Figure 6. The sensing elements were placed 

between an inverted U frame and hook brackets where the forces were to be measured. Strain 

gauges connected in a Wheatstone bridge configuration were used to measure the strains on each 

of the extended rings. Strain gauge locations based on strain energy theory were found to be 90° 

and 39.6° for draft and vertical force respectively. These locations give the best measurement with 
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negligible cross sensitivities. Horizontal and vertical displacements for the top and bottom rings 

were also calculated. For horizontal displacements, the top ring measured 2.24 × 10-3 mm/kN and 

2.76 × 10-3 mm/kN for the bottom side. For vertical displacements, the top side and bottom side 

were both measured at 16.9 × 10-3 mm/kN. The maximum rated capacity for each transducer were 

set at 25 kN and 10 kN for draft and vertical forces respectively but the whole dynamometer was 

designed for 50 kN and 20 kN. From the static calibration results, the strain output bridge showed 

excellent linearity with the applied load with obtained R-squared value of 0.99. The measured 

mean sensitivities obtained were 25.19 µStrain/kN and 25.60 µStrain/kN which indicates highly 

accurate measurements. However, predicted values based on computation for the sensitivities were 

slightly higher than the obtained sensitivities. The stiffness of the combined dynamometer was 

found to be acceptable based on the natural frequency found.  

 

Figure 2.9 Arrangements and schematic diagram showing the extended octagonal rings [47] 

 

Ortiz-Laurel [57] suggested a dynamometer design for traction forces measurement on 

draught horses involving an extended octagonal ring transducer. The authors designed four 

transducers connected with strain gauges whereby each was assembled individually to measure 

horizontal and support forces acting on each foot of a draught horse which the transducers were 
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attached to. They stated that the use of octagonal rings was due to the ease of usage along with its 

rigidity and stability. The maximum vertical force measurement was deemed to be 10 kN whereas 

the horizontal force was 5 kN. From the calibration results, the transducers showed excellent 

linearity with negligible hysteresis. Cross sensitivity obtained was also low. Raheman et al. [58] 

presented a novel study on a computer-aided design of an extended octagonal ring transducer for 

agricultural implements. They developed a program code that decides the best possible 

combination of dimensions for a transducer based on the user inputs. This was done by varying 

length to mean radius ratio (L/r) and width to mean radius ratio (b/r). For their study, dimensions 

were selected based on space availability. Thin ring theory was used to derive equations for the 

program to aid the design of the transducer. Based on the derived equations for bending moment, 

the authors found that the optimum strain gauge locations to be at angles 39.5° and 90°. In the 

design procedure, the authors placed emphasis on the value of mean radius to thickness ratio to 

conform to thin ring theory. This ratio was set at r/t ≥ 3. However, they also noted that the ratio of 

width to mean radius b/r has a greater effect on the values of mean radius to thickness ratio r/t by 

72% increase over the range of values 1 to 3 compared to the ratio of length to mean radius (L/r) 

with increase of 35%. The program was designed for the user to input specifications such as 

material and strain gauge to design the transducer to measure both component forces up to 1kN 

with moment arms of 500mm and 250mm. The program then initiates a simulation of values of 

L/r and b/r for different r values with safety factor set at 1.35 and outputs a set of desired 

dimensions based on the input requirements. Initial analysis using the developed equations 

predicted that sensitivity values of 0.114 mV/kg and 0.094 mV/kg for horizontal and vertical forces 

respectively. The actual sensitivities obtained were 0.120 mV/kg and 0.092 mV/kg for horizontal 

and vertical forces respectively. The authors claimed that the low difference between actual and 

predicted value proved the competence of the program.  

Afzalinia et al. [6] presented an extended octagonal ring transducer design for the 

compression chamber of a large square baler. The transducer consists of two extended octagonal 

rings situated parallel to each other connected by four brackets. Through theoretical means, they 

identified the optimum strain locations to be 39.5° and 140.5° for axial force and 90° for vertical 

force measurement. The dimensions of the rings were determined by adhering to various design 

requirements based on the ring such as strain gauge and housing size. The authors then calibrated 
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the transducer by applying forces in all three directions simultaneously and independently which 

produced excellent linearity. Based on the analytical equations used to predict the sensitivities of 

the sensor, the calibration test showed the theoretical values calculated were well below the 

obtained sensitivity values.  

Another octagonal based design approach was provided by Shishvan et al. [59] who studied 

the evaluation and comparison of stress node on extended octagonal ring transducers by strain 

energy theory and finite element method. The designed ring had a total length of 184.8mm and 

width of 76mm with inner circular diameter of 30mm. They utilized strain energy theory and finite 

element method to investigate the stress nodes location and calculate strain distribution on the 

octagonal ring transducer due to horizontal and vertical forces to identify ideal locations for strain 

gauge placement and to minimize cross sensitivity. They found that at specific inner and outer 

locations on the ring, unique strain characteristics at these locations enables horizontal and vertical 

forces to be measured independently of each other. From the finite element method, the optimum 

strain gauge locations were determined to be 79.5° and 75° outer and inner side of the 

circumference respectively for horizontal force measurement. For vertical force measurement, the 

optimum strain gauge locations were 18.5° and 161° on the outer side of the circumference.  

Dynamometer designs has also incorporated unique ring arrangements involving the 

extended octagonal ring to produce better transducer performance. One such example was 

provided by Nalavade et al. [60, 61]. The design of the transducer utilized a double DEOR 

configured back to back along at right angles along the longitudinal axis forming a cross. 

Dimensions of the ring were based on assumptions due to design requirements during usage of the 

transducer. Finite element analysis was used to study the performance of the DEOR under various 

loading conditions which leads to the ideal locations for strain gauges. The FEA study was 

conducted based on a linear elastic model using a uniformly distributed force of 5kN on both X 

and Y direction on the central area of opposite faces. From the FEA study, the authors found the 

optimum strain gauge locations to be at angles 34° for force measurement in X direction and 90° 

for force measurement in Y direction.  Calibration was conducted on the fabricated DEOR in two 

phases. The first phase was conducted on a calibration desk and the second phase calibration was 

done on an actual mounted position. The first phase was done as a confirmation of the workability 

of the DEOR. The second phase was conducted to improve the accuracy of the DEOR and to 
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minimize the cross-sensitivity effects on the transducer. From the static calibration desk test, the 

authors found that cross sensitivity effects were less than 2%. From the actual mounted position, 

initially the authors found that cross sensitivity varied significantly ranging from 5% to 123% with 

X,Y direction having the highest cross effects value of 123% and 95%. The authors noted that this 

may be due to the longer moment between the DEOR transducer and the point of force application. 

The position of the DEOR transducer was brought closer to the disc and this resulted in cross 

effects values dropping significantly to ranges of 2.47% to 33.3%.  

Abbaspour-Gilandeh et al. published two separate studies on the extended rings [62, 63]. 

The first was an extended octagonal ring transducer for measurement of tractor-implement forces. 

To find the optimum strain gauge placement, analytical and finite element analysis were used. In 

both cases, horizontal force of 25kN and vertical force of 15kN were applied independently onto 

the transducer. The result from both approaches generated a strain gauge location at 39.54° and 

90° for the independent measurement of vertical and horizontal forces respectively. All three 

transducers had cross sensitivity values ranging from 0.97 to 0.99% for horizontal force 

measurement and 0.92 to 0.96% for vertical force measurement. Following up from their first 

study,  they designed a dynamometer using extended octagonal rings in a novel configuration [63]. 

Two extended octagonal ring transducers rated at 20 kN were arranged back-to-back at right angles 

to each other with a tubular torque meter separating the transducers as shown in Figure 7. The 

transducers were placed in a dynamometer frame that was designed and analyzed using finite 

element method. Strain gauge locations were obtained using strain energy theory and data 

collected from the node points. From the static calibration test, dynamometer showed desirable 

precision, sensitivity and repeatability. Calibration curves obtained showed excellent linearity 

between the bridge output voltage with the measured forces and moments in all directions during 

calibration. Unlike the previous study however, they did not report any improvements made to the 

sensitivity or stress distribution of the ring. 
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Figure 2.10 Arrangement of the extended octagonal ring force transducers [63] 

Godwin [64, 65] presented an extended octagonal rings dynamometer design for use in 

tillage studies. Each ring is an octagonal shaped transducer designed with two circular rings on 

opposite ends connected by a narrow slit. The ring had a length of 173.7mm, thickness 51mm, and 

inner circular ring diameter 63.5mm with thickness of 4.39mm. Strain nodes were found based on 

previous research where the proposed strain gauge locations for optimum performance. For simple 

ring dynamometers, the locations were 39.6° and 90° based on strain energy theory and 50° and 

90° for octagonal ring dynamometers based on photo elastic methods. The author utilized the 

second set of angles initially. However, calibration test found that the output from the force bridge 

measuring force in the horizontal direction was not independent of the position of the force. The 

author claims this is due to point loading on the half ring in compression causing force output to 

be sensitive to the position of the force. This was rectified by inserting two plates; the first between 

the mounting and the transducer and the second between transducer and tine. Calibration test found 

that cross sensitivity was negligible when the horizontal force measurement gauge was at 34°. 

Sensitivity obtained was 1.35 times larger than the predicted value.  

 

Miscellaneous Shapes 

 

Despite the numerous octagonal based designs, other shapes have also been reported as 

well. One such example was reported by Prasad et al. [66] on the design of a square ring-shaped 

force sensor. The square ring was rated at 20 kN. From the stress distribution analysis, it was found 

that maximum stress occurs at the top surface at the point where force is applied. Stress and strain 

distribution were shown to have similar characteristics whereby propagation decreases along the 
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surface towards the edge of the ring. The maximum stress and strain values found along the surface 

of the square ring was also almost four times lower than on a circular ring. From the deflection 

characteristics analysis, the maximum deflection found was 0.927mm compared to 1.749mm for 

circular ring shape. The authors summarized that from the finite element analysis, the stress-strain 

characteristics of the square ring were about a quarter of the stress-strain characteristics of a 

circular ring-shaped force sensor with deflection found to be almost half of similar capacity.   

Examples of elliptical shaped proving ring designs were also presented. Kaushik et al. [67] 

published a research on preliminary investigation on metrological characterization of elliptical 

shaped force transducer. The authors designed an elliptical force transducer rated at 20kN based 

on the theories of thin rings. The authors found that based on the stress, strain and deflection 

analysis, the optimum location for the strain gauges are at an angle of 90° from the vertical axis 

on the outer side of the curved surface. It was also shown that the elliptical ring exhibited excellent 

metrological characteristics compared to other ring shaped for transducers with minimal cross 

sensitivity due to optimal strain gauge locations. Relative deviations based on multiple sources of 

error was found to be less than 0.1% with reversibility error within the range of 0-0.03%. A second 

example was provided by Kumar et al. [8] who published a paper on the investigations on 

metrological characterization of an elliptical shaped force transducers for precision force 

measurement. Computational deflection measurement was found to be 2.461mm at 20kN. The ring 

was fabricated, and experimental deflection was found to be 2.488mm. The elliptical shaped 

transducer was found to have a better uncertainty of measurement compared to both ring and 

hexagonal shaped transducers especially at lower applied force but the ring shaped was better when 

applied force was 20kN, with uncertainties measured at 0.01 for ring shaped as opposed to 0.02 

for elliptical shaped. 
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Figure 2.11 Elliptical ring design [67] 

A study on a six sided hexagonal ring design was presented by Kumar et al. [7]. The authors 

discussed the development of a hexagonal-shaped forced transducer with modifications to improve 

its performance. It was found that in terms of deflection calculations, computational and 

experimental values had negligible deviations (1-3%). However, both values had slight deviations 

(7-10%) compared to analytical. The uncertainty of the modified ring was found to be ± 0.10%. 

The authors found that the metrological performance of the hexagonal shape was superior 

compared to ring-shaped or octagonal-shaped force transducers, but uncertainty of measurement 

was slightly higher. 

 

Figure 2.12 Deflection of the modified ring based on different methods [7]. 
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A study incorporating a varying ring thickness at different locations throughout the ring 

cross section was observed by Rahman et al. [68, 69]. They studied an optimum design of a circular 

proving incorporating a variable cross section approach. The premise of the idea was based on the 

deflection equation, in which, keeping all other parameters constant, the moment of area I from 

the equation can be controlled to affect the deflection of the ring. The ring was designed with 

variable cross section with mean diameter R = 127mm. The proving ring had 24 variable cross 

sections or 6 sections per quadrant. The manufactured ring was then tested with top attachment 

and without. The results showed that the ring had more deflection without the attachment then 

with. Also, it was found that for a conventional ring the deflection calculated was much lower than 

the modified ring. The total stress on the variable cross section ring was also found to be much 

lower than the conventional ring. The authors presented a modification that could enhance the 

deflection of the ring by varying its cross section and hence controlling the moment of area of the 

ring. However, it was noted that the mean radius and therefore thickness was the varying 

parameter. Effects of varying the width of the ring was not studied.   

Rodriguez-Fuentes [70] presented a design, manufacturing and calibration of a circular ring 

type monolithic load cell addressed to drawbar pull testing of the farm tractor. Design procedures 

and material selection were done by referring to standards set by agricultural bodies. The capacity 

of the load cell was determined through consultations with agricultural tractor manufacturers. The 

load cell was then designed and manufactured with strain gauges located at 90° in a Wheatstone 

bridge configuration. Calibration test was conducted, and the results showed that the output voltage 

and force showed excellent linearity. They then calculated the maximum stresses and moment. 

From the calculations the factor of safety was determined to be 4.06 and 1.83 for the load cell and 

strain gauge respectively. They concluded by claiming that the designed load cell could measure 

forces with 99% certainty. However, the study also did not include stress or strain analysis on their 

designed load cell.  

Zhao et al. [71-73] presented a study on design and development of a cutting force sensor 

using octagonal rings based on semi-conductive strain gauge. In this study, the authors study the 

use of semi conductive strain gauges fabricated by microelectromechanical systems (MEMS) 

technique for cutting force measurements. Strain gauge were placed at 50° and 90° which the 

authors referenced from previous research. From the initial analysis, they found that the simple 
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octagonal ring design was not sufficient due to higher requirements of 666Hz for natural frequency 

in the tangential force direction with the calculated octagonal ring value only at 499Hz. Ergo, a 

biaxial cutting force sensor utilizing two octagonal rings connected perpendicularly to each other 

from the horizontal axis was devised. The new design was termed two mutual-perpendicular 

octagonal rings (TMPOR). From the FEA conducted, they found that the proposed design has a 

natural frequency of 928Hz. Semi-conductive strain gauges were chosen due to improved 

sensitivity and gauge factor having one or two orders of magnitude over the conventional metal 

foil strain gauge. From the static calibration test, the authors found excellent linearity between the 

output voltage and force applied, with the sensitivity of the semi-conductive strain gauge about 16 

times of the metal foil strain gauge. The authors however noted that the theoretical value of semi-

conductive sensor to metal foil sensor was 19.2 times against the experimental value of 16. They 

claimed that this may be due to various reasons such as positional error of the strain gauge or 

inconsistent adhesive thickness affecting the results. Cross interference in the thrust force direction 

was higher and was attributed to the fixing method between the cutting tool and the sensor. The 

modal impact test conducted showed that force sensor can be used at high speeds at spindle speed 

not more than 17,205 rev/min.  They also found that the natural frequency obtained was lower than 

the simulated natural frequency. This was attributed to issues during assembly of the transducer.  

 Liu et al. [74] reported a three-component strain gauge dynamometer for grinding and 

polishing force measurement. The authors published a report on the design of a dynamometer for 

an automatic grinding system with a heavily modified elastic element they termed an octagonal 

measuring block. The measuring block design incorporates a square shape outer side with an 

octagonal shape inner cut out as presented in the figure below. Strain gauge locations were selected 

based on maximum axial strain due to various forces.  These were placed at the inner and outer 

locations at the horizontal sides of the measuring block for maximum axial strain due to force in 

the horizontal direction. For forces in the x and z direction, the strain gauges were placed on the 

inner and outer portion of the horizontal sides of the octagonal inner shape. For force in the y 

direction, strain gauges were placed at the middle of the bottom portion of the measuring block. 

From the static calibration test, the output voltage from the bridge circuit showed linear correlation 

with each component forces. The results also showed minimal interactions between measurements 
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of individual force components. The dynamometer was then used in a surface-finishing operation 

and the output results indicate the dynamometer performed as expected.  

 

Figure 2.13 FEA model of the force transducer developed by Liu et al. [74]. 

 

Rao et al. [75] published a design and fabrication of a new type of dynamometer to measure 

radial component of cutting force and experimental investigation of optimum burnishing force in 

roller process. The authors presented a design approach to fabricating a modified circular ring 

transducer to measure radial force in cutting and roller burnishing process. Strain gauges were 

fitted in a Wheatstone configuration at inner and outer side of the straight edges of the ring to 

measure the strain induced by the radial force. From the static calibration process, the outputs were 

shown to have a linear relationship with the force induced. However, no stress analysis was 

included in the study. Also, from the dynamometer fixture the ring was attached to it was not 

obvious how or in which direction the force is applied.  

A dynamometer designed with an elastic element taking the shape of a circular hollow bar 

was presented by Panzera et al. [76] to measure turning force. Strain gauges are placed at the outer 

surface of the elastic element. From the calibration test, the results showed that the three 

component forces decrease slightly at 5% as the cutting speed increases. Feed rate and depth of 

cut showed a linear relationship with the three force components. The authors found that this shows 

the feed rate and depth of cut has a more significant effect on the forces than the cutting speed. 

They concluded that the developed dynamometer was reasonably designed and compared 

favourably with a piezoelectric dynamometer. 
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Qin et al. [77, 78] published a report on a milling torque sensor implementing a modified 

thin-walled cylinder as the sensing element. They determined the crucial design parameters for the 

sensor were the radius, thickness and length of the thin-walled cylinder. Length and radius of the 

cylinder was to be minimized so as to increase the stiffness of the sensing element without 

compromising the sensitivity. Thickness of the cylinder should also be reduced to obtain a 

maximized sensitivity. Finite element simulation was used to locate the surface strain on the 

cylinder with straight outer sides machined onto the cylinder to facilitate easy strain gauge 

placement. Piezoresistive MEMS strain gauges in a Wheatstone bridge configuration was used to 

measure the strain induced by the torque during milling. Static calibration results showed that the 

sensitivity was improved to 0.13 mv/Nm with a linearity error of less than 1.6%, indicating that 

the sensor is highly accurate. Modal impact test was also conducted to ensure its natural frequency 

was suitable for machining process. The natural frequency was found to reach 1216 Hz which 

indicates that it can be used for machining process up to 8445 rpm. They then conducted cutting 

test on the developed torque sensor between 500 rpm to 2000 rpm. At 800 rpm, irregularities were 

found due to one of the tool teeth breaking during the milling process. This indicates that the torque 

sensor could pick up milling tool breakage or other signs of wear and tear through anomalous 

signals.  

Chen et al. [79] reported on nonlinear mechanics of a ring structure subjected to multi-pairs 

of evenly distributed equal radial forces. They used multiple existing ring theories combined with 

finite element analysis to develop a theoretical approach to studying a ring in tension or 

compression.  The authors found that under both stress modes the ring always forms a regular 

polygon with 2N sides under N-pairs of equal radial forces. However, in compressive mode the 

ring was found to have a flower like pattern. They found that the ring experiences multiple states 

depending on the type of stress. Theoretical approach was found to be in accordance with the finite 

element results which validates the findings. The topological experiment conducted also matched 

with the previous two results. However, the study was done for ring structures within the nano to 

micro range systems. 

A dynamometer design incorporating a monolithic design of straight plates and octagonal 

strain rings was presented by Brewer and Hull [80]. Initial calibration results showed that the 

developed dynamometer produced non-linearity between load-strain relations and inaccuracies 
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with respect to loads that occur during bending. From the finite element simulation, the authors 

found that this was due to excessive interface plate bending. This was solved by having interface 

plates that are stiffer than the octagonal strain rings and to connect the plates to the environment 

to have similar boundary conditions for both plates. The authors claimed both these suggestions 

would solve the problem of non-linearity between the load-strain relationships experienced by the 

dynamometer.  

 

Figure 2.14 Interface plate design approach involving octagonal strain rings suggested by Brewer 

and Hull [80]. 

 

2.3.2 Capacity 

 

Generally, the capacity of the rings is directly affected by the geometry of the ring. 

Engineering applications that require smaller rings due to space constraints tends to favour the 

octagonal shape [3, 38, 39]. Agricultural applications with no space constraints and with higher 

load requirements tends to favour the sturdier double extended octagonal rings [6, 60, 61]. The 

following table shows some capacity examples from recent literature. 
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Table 1. Comparison of ring capacity reported from literature 

Ring Capacity Application Author 

Circular 50 kN General force 

measurement 

Kumar et al.[22] 

Circular 5 kN General force 

measurement 

Kumar et al.[27] 

Octagonal 1 kN Cutting force 

measurement 

Uddin and Songyi [4] 

Octagonal 5 kN Machining Operations Yaldiz and Uncasar [36] 

Double Extended 

Octagonal 

  Chen, McLaughlin and 

Tessier [5] 

Double Extended 

Octagonal 

1.09kN vertical 

and 1.24kN 

horizontal 

Sugar beet topping knife O’Dogherty [52] 

Cylindrical Bar 3.5 kN Lathe tool dynamometer Jain et al. [28] 

Square 20kN General Prasad et al. [66] 

 

Capacity of the proving ring is determined based on its intended use and shape. Usually, 

octagonal rings have the lowest rated capacity. Double extended octagonal rings can have varied 

capacities based on the force direction or application. Circular rings however can measure forces 

from as low as 5N to as high as 1MN [18]. Load rings for general force measurements based on 

the circular shape has been manufactured to measure loads from 5kN to 50kN. One report of a 

cylindrical bar used as a component in a lathe tool dynamometer measured forces up to 3.5 kN 

[28].  

Force measurement in machining is usually much lower than in agriculture. Multiple 

reports have been made of cutting tool dynamometer used in machining operations measuring 

forces up to 5kN but generally most octagonal ring-based dynamometers are rated between 3 kN 

to 3.5kN [29, 33, 36, 37]. In agricultural processes, the maximum force measured can vary quite 

significantly and depending on the direction of force measurement with the horizontal or draft 
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component much higher than vertical. Chen et al. [23] reported an extended octagonal ring design 

with capacity of 90kN draft force and 17.5kN vertical force. 20kN and 50kN. Kheiralla et al [47] 

reported a lower combination of maximum capacity values with horizontal and vertical forces of 

25 kN and 10 kN respectively. A summary of the different combinations of horizontal and vertical 

forces reported by various authors is presented in the table below.   

Table 2. Maximum rated horizontal and vertical capacity reported by various authors 

Author Horizontal Capacity Vertical Capacity 

Chen et al [5] 90.0 17.5 

McLaughlin et al [54] 45.0 13.0 

Kheiralla et al [47] 25.0 10.0 

Ortiz-Laurel [57] 5.0 10.0 

Abbaspour-Gilandeh [62] 25.0 15.0 

Onwualu [46] 4.4 4.0 

 

2.3.3 Design Stresses and Strains 

 

Multiple reports found the maximum stress and strain to be at the top outer part where force is 

applied and the bottom fixed portion of the ring. The distribution of maximum stress and strain in 

this location tends to be smaller and identical. The stress and strain distribution then tends to 

decrease up to 39.6° from the point of axial force which then increases along the periphery of the 

ring [22]. This location is also known as strain nodes and is considered the precise location of 

strain gauge placement for strain measurements. A second larger stress location is found more 

evenly distributed along a larger portion of the ring at the horizontal side [19]. The following figure 

illustrates the typical stress distribution on a circular proving ring. It can be observed that the point 

of force application at the top portion of the ring contains the highest stress values. Along the 

periphery of the ring the stress can be seen to be distributed along a larger surface area.  
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Figure 2.15 Finite element analysis of a circular ring presented by Chen et al. [19] 

 

Studies were also conducted on multiple other ring shapes that illustrates different stress and 

strain distributions for each type of ring. Similar to the circular ring design, the maximum stress 

value tends to center at the point of force application. Kumar et al. [7] through their study of a 

hexagonal design found the stress to minimize up to and angle of 50° from the point of load 

application and increase up to 90° of the horizontal axes of the ring. A study on a square ring 

designed found stress and strain to be irregular due to the shape of the ring. Higher stress values 

were found to be concentrated on the inner circular surface of the ring as opposed to the sharp 

edges. They also found that stress and strain values to be significantly lower compared to a circular 

ring of similar capacity. Stress and strain distribution in an extended octagonal ring can differ 

significantly depending on the direction of force application. From Figure 2.17, Chen et al. [5] 

illustrates their extended octagonal ring design showing significantly different strain distribution 

when subjected to different types of load. It can be observed that strain values are higher at 

locations around the inner circular section. Due to this variation, optimal strain gauge placements 

were determined to be at 80° outer and 75° inner circumference for horizontal force measurement. 

For vertical force measurements, strain gauges were placed at 18° and 162° inner circumference.   
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Figure 2.16 Von Mises stress distribution presented by Kumar et al. [7] 

 

 

Figure 2.17 Von Mises stress distribution on a square ring presented by Prasad et al. [66] 
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Figure 2.18 Strain distribution on an extended octagonal ring by Chen at al. when subjected to 

force in the axial and horizontal direction [5] 

 

2.3.4 Design Deflection 

 

Circular force transducers has been designed to measure force by measuring its deflection [15]. 

Commercially available force transducers have also been developed. Proving rings with attached 

dial gauges require considerably more ring deflection than strain gauge-based rings. This is 

because deflections are preferably as high as possible for accurate measurement. A circular ring 

presented by Kumar et al. [22, 23] had a maximum deflection value of 1.770mm and 2.820 at 

20kN.Generally a circular ring design has significantly more deflection compared to other shapes. 

However, recent literature has seen considerable number of rings of other shapes with improved 

deflection and therefore higher sensitivity. A square ring developed by Prasad et al. [66] has a 

reported deflection value of 0.927mm. A study by Kumar et al. [8] was done on an elliptical ring 

shape where computational deflection measurement was found to be 2.461mm compared to the 

experimental deflection of the fabricated ring found to be 2.488mm. Another study by the same 

author on a hexagonal ring design measured deflection at 1.900mm compared to an analytical 

value of 2.050mm [7]. 
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Though proving rings are designed to be highly sensitive by maximizing its deflection, most 

common use of the proving ring in force measuring industries does not require large deflections. 

Due to size constraints in building a dynamometer, the deflection found in octagonal based shapes 

are very low and hence are usually not measured by means of a dial gauge. This is due to usage as 

rings are manufactured to be as small as possible as a component in dynamometer designs. This is 

an advantage though since some industries does not require rings with a significant deflection. 

These rings are mounted with strain gauges to measure strain instead of deflection for force 

measurements. Another advantage of using strain gauges over dial gauge is its effect on 

uncertainties in measurements. The use of strain gauges minimizes uncertainties which was proven 

by Kumar et al. [30] where an octagonal ring was fitted with a dial gauge and compared with strain 

gauges. They found sources of error and uncertainties to be higher when using the dial gauge 

compared to the strain gauges.  

Force measurements in agricultural and machining applications does not rely on the 

deflection characteristics of the ring. This is due to the design of the whole dynamometer itself. 

Most dynamometer designs that has been reported does not intent to have a space to read a dial 

gauge due to small design. Also, rings used in these fields, such as the extended octagonal ring, 

has been reported to be extremely small to be measured. An example was provided by Thinley et 

al. [48] who reported deflection values of 0.034mm under a load of 1.05kN. Second is due to the 

nature of the application of smaller ring sizes. Forces measured in these applications typically 

ranges between 10-25kN. Hence, the use of a dial gauge to measure deflection is irrelevant for a 

smaller ring at lower capacity. Lower capacity measurements using a dial gauge was also reported 

to be of lower resolution [27]. Third is based on applications that does not permit deflection [44]. 

Deflection of the dynamometer might affect the cutting tool operation [39]. And lastly due to the 

dangers of being around the force transducer during applications such as machining, strain gauges 

allow users to read measurements at a further distance away during the force measuring time. This 

is done by connecting a data acquisition system based on attached strain gauges to measure the 

strain induced on the rings. Strain rings were used because it has high sensitivity to stiffness ratio 

[3, 38, 39]. 
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Figure 2.19 Compact dynamometer by Pathri et al. showcasing the use of multiple smaller sized 

rings. [33]. 

 

2.3.5 Measurement of Force 

 

Force measurement is commonly done with the use of a strain gauge. However, a cheaper 

and mechanical alternative is by measuring its deflection under load. The earliest known method 

of measuring the deflection was by using a vibrating reed. However, a simpler is way to measure 

the applied force using dial gauges. When load is applied, this causes a small diametral deflection 

onto the ring. Using a dial gauge or a vibrating reed, the deflection can be easily measured and 

read. Measuring load this way requires the ring and the gauge to be calibrated beforehand. Using 

the modulus of elasticity of the ring, the measured deflection value can then be used to obtain the 

load value by using the deflection equation derived from thin ring theory.  

Dial gauges are used to measure the deflection of proving rings due to noticeable diametral 

change when force is applied [15, 30]. This would require a ring of considerable size to ensure the 

deflection is maximized and measurable. Literature tends to heavily favour strain gauges in a 

Wheatstone bridge configuration however as opposed to the dial gauge. The main difference is 

due to the nature of application between the two. Proving rings with dial gauges are more suitably 

used for static force measurements such as calibrations of dynamometers. Most applications such 

as machining operations however measures force dynamically which sees a constant change in 

forces. Strain gauges would therefore be more suitable for these types of applications. 
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2.3.6 Materials and Manufacturing Process 

 

Material and manufacturing of the proving ring depends on its intended use. Although the 

manufacturing process of proving rings has never been discussed in the present literature or design 

studies, a typical ring or cylindrical based metallic structure is commonly fabricated through metal 

rolling such as ring rolling. However, proving rings can also be manufactured by rough machining 

of an annealed forging, followed by heat treatment and grinding to obtain the final shape. Different 

types of metals have been used throughout literature, ranging from aluminum-based metals to the 

more commonly reported steel alloys. The use of alloys steels is common due to it being cheaper 

to manufacture and higher overall strength. The selection of steel depends on several criteria of 

the proving ring or the general dynamometer design of the study. Determination of material is 

usually done based on the maximum stress that is induced on the ring. Another, although was not 

directly reported in literature, could be the cost and availability of the desired material.  

Karabay [3, 38] used the common and cost-effective SAE 1020 steel in his design of the force 

transducer. Korkut et al. [35] used AISI 1040 steel in their dynamometer design. They calculated 

maximum stress on the ring and found the value to be lower than the material yield strength. Yaldiz 

et al. [29, 36, 37] used AISI 4140 steel in their dynamometer design. This material is suitable due 

to high ductility and high yield strength. Kumar et al. [22, 26] reported in multiple studies the use 

of material EN24 in finite element studeis of their circular proving design. Other types of alloys 

have also been used in manufacturing the proving ring. Soliman and Abuhasel [41, 42] reported 

using the material Aluminum 1060 in their modified octagonal ring design. Another aluminum 

based proving ring design was reported by Thinley et al. [48] in their study on the extended 

octagonal ring. They used the alloy Aluminum 5056 due to the material characteristics which 

satisfies the maximum allowable stress induced on the ring.  
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2.4 Factors Affecting Proving Ring Design and Operation 

 

2.4.1 Calibration 

 

Calibration of the ring is usually done to compare and validate the results of an analytical 

or finite element design approach to an actual experimental specimen. It is also done to assess and 

identify cross sensitivity effects due to strain gauge locations. Calibration process usually adheres 

to the calibration procedure according to ISO 376-2004. Cross sensitivity happens when a set of 

strain gauges measurements are affected by force application from another angle. Another is to 

measure cross effects, repeatability, hysteresis and various other parameters [8, 22-27]. Calibration 

process also affects strain gauge placements especially in special arrangements of proving rings. 

An example of this can be seen in the Godwins [64, 65] study. Initially, 50° and 90° based on strain 

gauges were placed at photo elastic methods. The author utilized the second set of angles initially. 

However, calibration test found that the output from the force bridge measuring force in the 

horizontal direction was not independent of the position of the force which results in cross effects 

during force measurements. This was rectified by inserting two plates; the first between the 

mounting and the transducer and the second between transducer and tine. Calibration test found 

that cross sensitivity was negligible when the horizontal force measurement gauge was at 34°. 

Sensitivity obtained was 1.35 times larger than the predicted value.  

 

2.4.2 Uncertainty 

 

Uncertainty in measurement is a source of error that affects the reading of the force 

measurement. From calibration results found from literature, higher uncertainties in measurement 

tends to occur at lower force where the uncertainty value is the highest and decreases to a minimum 

at the rings maximum capacity. Multiple sources of uncertainties exist that may affect the 

performance of the ring. Uncertainties can also be affected by method of measurement. Earlier 

studies by Kumar reported that uncertainty is usually uncertainties at ± 0.025% [23, 26]. Other 

reported uncertainties were between 0.2-0.4% [27]. Kumar et al. [30] showed that with an 

octagonal ring, dial gauges tend to produce more uncertainties than strain gauges.  
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Figure 2.20 Comparison of uncertainties between different ring shapes [8].  

 

2.4.3 Stability and Rigidity 

 

Stability is affected by the rigidity of the ring. Rigidity is affected by the width of the ring. The 

octagonal and its extended version usually has higher rigidity compared to the other types of 

proving ring. Uddin et al. [4] surmised that the rigidity of an octagonal ring tends to be significantly 

higher than a circular ring. This finding was corroborated by previous studies such as by Karabay 

et al. [3] where they stated that the popularity of octagonal rings in machining operations was due 

to its rigidity. A higher rigidity means that the frequency during machining operations such as 

turning and cutting would not affect the rings due to a higher natural frequency [38]. An extended 

octagonal ring is also thought to have a higher rigidity compared to both the circular and octagonal 

rings due to its larger overall structure, but its use is highly dependent on its intended application.  
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2.4.4 Ring Thickness and Curvature 

 

The thickness of the ring has been seen to affect the performance of the proving ring.  Rahman 

et al. [68, 69] found that sensitivity of a variable cross section design of 6 sections per quadrant 

was increased. Abuhasel and Soliman [41, 42] found that edge radius or curvature showed no 

effects on the stiffness and sensitivity of the ring. Stiffness was observed to have influenced by the 

height and thickness of the ring whereas the sensitivity is influenced by the height, thickness and 

width of the ring. Increasing the height of the ring increases its sensitivity. Increasing thickness 

and width however has a negative effect on the sensitivity. In terms of stiffness, increasing 

thickness has a negative effect whereas increasing thickness results in higher stiffness.  

Thickness to mean radius ratio based on the theory of thin rings has been adhered to by most 

design approaches. Kumar et al. [8, 27] states that a ratio of between 0.1-0.5 is suitable when 

designing a thin ring. This ratio can also be expressed as mean radius to thickness ratio in which 

to conform to the theory of thin rings, the ratio has to have a value of equal to or greater 3 although 

some authors have also reported a design with a slightly lower ratio [81]. Raheman and Sahu [58] 

found the sensitivity of an extended octagonal ring to nearly double when this ratio was increased 

as opposed to the length to mean radius ratio. Another factor that affects the performance of the 

proving ring was shown by O’Dogherty et al. [53] whereby they found the best results with optimal 

sensitivity for an extended octagonal ring was obtained when the width to mean radius ratio was 

between 1 and 3.   

 

2.4.5 Effects of End Bosses or Attachment 

 

Bray at el [18] studied the effects end bosses and its dimensions on the measuring performance 

of the circular ring. The authors found that the end bosses dimensions and radius affect the 

performance of the ring in a wide variety of ways. Generally, end bosses introduce a stiffening 

effect on the ring and hence results in a slightly lower axial sensitivity compared to a circular ring 

without end bosses. This is due to the effect of the end bosses on the deflection and strain induced 

on the ring. They also noted horizontal diameter produces more axial sensitivity than the vertical 
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diameter. Rahman et al. [68, 69] found the deflection of the ring, and therefore its sensitivity, is 

lower with a top attachment then without. This could be due to the attachment or boss absorbing 

and spreading the load over a larger surface area as compared to directly loading at the tip of the 

ring itself. As far as studies on other non-circular shapes are concerned, the only study of end 

bosses on an octagonal ring shape was presented by Dhanal [43] but it’s effect on the sensitivity 

or stress was not reported. Generally, however, end bosses and its effects were not studied on non-

circular proving rings due to the geometry of these shapes that does not require any attachment or 

boss.  

 

2.4.6 Ring Alignment and Arrangement  

 

Ring alignment and arrangement tends to differ on different rings due to their geometry being 

structurally different from one another. Rings such as the octagonal ring and its extended version 

has straight sides that makes alignment of the ring easier. For a circular ring, its alignment process 

tends to be slightly more complicated. Logically speaking the most optimal position for a ring to 

measure axial force is directly at the center point of the load. When doing force measurements 

where the ring is placed on a straight surface, its circular nature would require the use of an 

attachment or end bosses. This ensures the ring is positioned properly and directly at the center of 

the force acting on it. This is crucial especially when using a dial gauge as force is measured based 

on the deflection of the ring. The use of dial gauge, and to a certain extend strain gauges, requires 

the force acting on the ring to be right on top of the dial gauge to measure accurately. Misalignment 

will cause the ring to measure the force at an angle inaccurately and therefore causes the ring to 

rotate out of place. Some engineering operations, such as a CBR testing machine has the ring 

attached on a top beforehand by its manufacturers to ensure alignment issues are not encountered 

when operating the machine. 

A typical machining dynamometer requires four octagonal rings with strain gauges 

attached. The octagonal rings are arranged in a way that allows it to measure the three component 

forces during any machining operations such as cutting and drilling. Typically, these forces are the 

thrust force, feed force, and main cutting force. From literature, the most common arrangement is 

shown in the figure below which was reported by multiple authors [34, 35, 37]. Although this 
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arrangement is very common in literature, reports have indicated that calibration is needed to 

ensure minimal cross sensitivity that might affect force readings. Different studies have reported 

different cross effects and have suggested ways to mitigate this. Some machining operations have 

certain requirements that must be met for force measurements. Zhao et al. [73] found that a simple 

octagonal ring has a lower natural frequency than the required frequency for measurement. Hence 

to increase its natural frequency, the force transducer was modified and designed with two 

octagonal rings combined perpendicularly at right angles to each other as shown in Figure 10.     

Alignment and arrangement of extended octagonal rings are vastly different than its non-

extended counterpart. Generally, alignment of the ring depends on the dynamometer design and 

its usage. Single extended octagonal rings are usually rigid and sensitive enough to measure forces 

during most engineering applications. Multiple reports have been presented by various authors 

mainly in the agricultural field which highlights the various ways the extended octagonal ring has 

been designed and used. McLaughlin et al. [54] designed two extended rings connected by 

drawbars and a hitch fixture. The arrangement of the ring is shown in Figure 2.22. This design 

allows the dynamometer to have a much longer lifespan as the total load acting on the rings are 

halved. The same extended octagonal ring arrangement was also used by Afzalinia and Roberge 

[6] in their design of a transducer to measure loads in a compression chamber of a large square 

baler. In designing an auto hitch dynamometer for tractor implements, Kheiralla et al. [47] 

presented a U bracket with the extended octagonal rings strategically placed at three different 

locations to measure the forces acting on the three-point auto hitch dynamometer. This 

configuration is shown in Figure 2.23. This designed allowed the dynamometer to have a total 

rated capacity of 50kN and 20kN for horizontal and vertical force respectively with optimal strain 

and minimal cross sensitivities between force components. Another extended octagonal ring 

design for tillage implements was presented by Abbaspour-Gilandeh and Khanramaki [63]. They 

presented a design of a triaxial dynamometer with two extended octagonal ring transducers rated 

at 20 kN each arranged back-to-back at right angles to each other with a tubular torque meter 

separating the rings. The transducers were placed in a dynamometer frame that was designed and 

analyzed using finite element method and found this arrangement to yield satisfactory results for 

its intended purpose. A similar design was also reported by Thinley et al [48].  
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Like the octagonal ring, the shape and geometry of its extended version also allows a 

modification on its alignment. Godwins [64, 65] study on a dynamometer design incorporated two 

double extended octagonal rings aligned perpendicularly as shown in the figure below. Each ring 

is an extended octagonal shaped transducer designed with two circular rings on opposite ends 

connected by a narrow slit. Calibration test found that cross sensitivity was negligible when the 

horizontal force measurement gauge was at 34° with higher sensitivity. A second study by 

Nalavade et al. [60, 61] utilized a similar design and strain gauge placements with optimal results, 

hence further verifying the effectiveness of this design arrangement.   

 

Figure 2.21 A typical machining-based dynamometer design incorporating four octagonal 

rings [37]  
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Figure 2.22 Design of the sensing element by Zhao et al.[71] 

 

Figure 2.23 Design of a drawbar transducer by McLaughlin et al  [54] 

 

Figure 2.24 Auto hitch dynamometer design by Kheiralla et al. [47] 
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Figure 2.25 Dynamometer design showing the perpendicular arrangement of the extended 

octagonal rings by Godwin et al. [65] 

 

 

Figure 2.26 Force components measured on the perpendicularly arranged extended octagonal 

rings by Nalavade et al. [60] 

 

2.4.7 Other Factors  

 

The effect of temperature on the performance of the proving ring itself has not been established 

in current literature. However, when strain gauges are used to measure the induced strain on the 

ring, the effects of temperature can have a significant effect on the ring. Patrick et al. [20, 21] 

reported their force transducers failed due to severe temperature that induces moisture in and 

around the strain gauges. This in turn causes a short in the strain gauge bridge which affect their 

results.  
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The effects of wear on the rings has not been studied extensively in current literature. Studies 

and research that have mentioned wear on a proving ring has been leaning more on prevention as 

opposed to the effects of wear itself. A common sign of wear is usually when the chrome coating, 

if any, starts to peel off. In terms of usage during force measurements however, rings are designed 

whereby its maximum load or capacity does not exceed the maximum load the material of the ring 

can withstand. In doing so, a factor of safety based on the material characteristics has been put in 

place to ensure wear such as plastic deformation during loading is avoided [58, 68, 70].  

 

2.5 Applications of Proving Ring 

 

2.5.1 Calibration of testing machine 

 

The circular proving has been used in calibration machines to calibrate different types of testing 

machines such as dynamometers. The standard of calibration most cited from literature is 

calibration based on the ISO 376:2011 or IS 4169 standards [30]. This standard has been applied 

to force measuring devices with an elastic member such as proving rings. The standard gives a 

guideline on calibration methods and procedures while assigning a precision class based on the 

metrological performance of the ring. Calibration of dynamometers has been shown in literature. 

An example was shown by Karabay [38] in their design of a dynamometer with octagonal rings. 

In the figure below, a circular proving ring was used to calibrate the dynamometer before use. A 

similar arrangement was also reported by the same author in a second study[39].  
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Figure 2.27 Calibration of a dynamometer shown by Karabay [39]. 

 

2.5.2 Drilling Milling and Turning (Machining operation) 

 

A machining dynamometer is used to measure forces such as feed force, thrust force and main 

cutting force. The dynamometer is placed in a position to measure these forces acting on the 

machining tool. Cutting force data can be used to create a theoretical model to predict tool wear 

[38]. This ensures that the tool condition is constantly monitored to improve tool life and maintain 

optimal efficiency during the machining process [34]. In designing a suitable dynamometer for 

force measurements in many machining processes, usage of octagonal rings as the main elastic 

member in a dynamometer design has been increasingly prevalent in machining operations such 

drilling, milling and turning. The usage of octagonal rings in fabricating and manufacturing 

machining-based dynamometers has been well documented by various authors. Octagonal rings 

are highly popular due to its flexibility in designing the rings considerably smaller in size which 

allows dynamometers to be easily built. It is also a popular choice due to its rigidity and as was 

mentioned in the previous sections.  

Multiple examples have been reported on the design of a force measuring dynamometer for 

force measurements in machining operations. As was mentioned in previous sections, the most 
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common four ring arrangement is the one shown in Figure 2.20 by Yaldiz et al. [37]. Since then, 

multiple reports have shown on the success of this arrangement. Dandage and Bhagwat [32] 

reported this design arrangement with excellent linearity in measuring the three component forces 

and torque. Similar results with respect to linearity and cross sensitivity were also found by other 

authors utilizing this ring arrangement [2, 35]. A slightly different design arrangement was 

presented by Uddin and Songyi [4]. Their modified octagonal ring configuration is shown below. 

The increase in sensitivity of the dynamometer was noted in due part to their modified octagonal 

ring as opposed to the configuration itself. 

 

 

Figure 2.28 Cutting force measuring device with octagonal rings illustrated by Uddin and 

Songyi [4]. 

Another dynamometer design for drilling was suggested by Karabay [38]. The author presented 

two dynamometer designs involved a six-octagonal ring arrangement and a four-octagonal ring 

arrangement as shown in the figure below. The four-ring configuration was developed as a drill 

press dynamometer whereas the six-ring configuration was designed as a multi component 

dynamometer. A second report by the same author showed the four-ring configuration performed 

well when compared to a previous authors work with negligible cross effects [39]. Another report 

showed that the dynamometer performed well when working on SAE 1020 steel [3]. 
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Figure 2.29 Four ring configurations [38]. 

 

Figure 2.30 Six-ring configuration [38]. 

 

Although the octagonal ring has been highly popular as the main elastic member in a tool 

dynamometer design, an example of a circular ring or short hollow cylinder has also been shown 

by Jain et al. [28]. They designed a lathe tool dynamometer utilizing a short hollow cylindrical 

tube with a length of 35mm and diameter 15mm. The calibration results were deemed satisfactory 

by the authors however its performance was not compared to another octagonal based 

dynamometer.   
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2.5.3 Agriculture Engineering 

 

The extended version of the octagonal ring is almost exclusively used in the agricultural 

engineering field due to its durability and higher load capacity when measuring dynamic forces in 

relatively compact form factor compared to the octagonal ring. Multiple reports have been 

presented on its usage which states various characteristics of the ring. Similar to the octagonal 

rings used in machining operations, the force measuring instruments in agricultural usage are 

designed to measure the three force and moment components in all three directions.    

Nalavade et al. [60, 61] perpendicularly aligned extended ring design was used to measure 

forces acting on a tillage disc. The extended octagonal rings were found to have minimal cross 

effects with calibration results providing excellent linear relationships. Girmas [44] heavily 

modified design of multiple extended octagonal rings provided desirable results with theoretical 

and measured strain values differing by less than 1.5%. The rings however were designed to morph 

into the plough bodies and not attached independently. As such, strain gauge placements differed 

markedly from previous studies on the extended octagonal ring. Thinley et al. [48] developed a 

force measuring instrument utilizing the extended octagonal rings to measure forces acting on an 

animal plough. Their design of two perpendicularly aligned extended octagonal rings connected 

to a torsion bar in the middle for ease of mounting onto the animal plough shows. Further 

calibration studies revealed all force and moment channels responded linearly with satisfactory 

results. Another tractor implement study was presented by Khan et al. [45] with the use of a bi-

axial extended octagonal ring transducer. The transducer was designed to measure the forces and 

moments acting on a tractor linkage. The study however was more on the implementation of the 

extended octagonal rings and its performance for its intended use. The rings were already 

manufactured and procured from a third party instead of designing from scratch. A vibratory tillage 

tool dynamometer was designed and presented by Niyamapa et al. [50] in their study relating to 

soil pressure and oscillating frequency of the tillage tool. The extended octagonal ring was 

designed to measure forces in the horizontal and vertical direction acting on the vibratory tillage 

tool. Although the study was not focused on the design of the extended ring, it performed as 

expected and force readings were found to decrease as the oscillating frequency was increased.  
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2.5.4 Other Usage 

 

Multiple companies have fabricated and distributed the circular ring commercially for a variety 

of uses. Most of these rings are used in force calibrating machines or static force measurement 

devices. In civil engineering related industries, the California bearing ratio or CBR test requires a 

specialized machine. A CBR test measures the mechanical strength of soil, base courses or 

bitumen. A typical laboratory CBR test utilizes the ASTM Standards D1883-05 when measuring 

soil mechanical strength with a CBR testing machine. A proving ring is an essential component in 

this machine as it can measure a wide range of loading and very versatile since the ring attached 

on the machine is interchangeable depending on the specimen. Patrick et al. [20, 21] has also used 

circular rings with attached strain gauges in their study on the large borehole rocks.   

 

Figure 2.31 A typical CBR testing machine by Cooper technology. 

 

2.6 Research Gap 

 

From the literature review conducted in the previous sections, it is clear that there are still 

certain aspects of the proving ring design that were not addressed. First, the significant stress 

imbalance throughout the ring was not addressed. The studies were mainly focused on showing 

the stress distribution in their design and did not suggest or study ways to address stress imbalance 

at certain locations around the ring design. Secondly, as was previously shown, various shapes 
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have various advantages. This is primarily due to the difference in geometry from one ring to the 

other. It is shown that the circular ring is used for high static force applications whereas the 

octagonal rings were mainly used in applications measuring dynamic forces. Therefore, there is a 

lack of ring design that could be used for different loading conditions.  

 

2.7  Problem Statement 

 

The current proving ring design practice imposes a non-uniform and nonlinear stress along 

the circumference of the ring which is also not ideal for its long-time operation. It has low level of 

sensitivity with small deflections under applied load. Therefore, there has been a lack of studies to 

address the significant stress imbalance found throughout the ring. 

 

2.8 Hypothesis 

 

From the critical review made of the literature above, it is clear that there is a need to 

address the stress distribution of the proving ring when axial load is applied. In order to address 

this, a hypothesis is made. It is expected that a varying cross section ring design where ring material 

is redistributed to optimize the ring shape will greatly reduce the stress levels and enhance the ring 

sensitivity. The design will provide a more balanced stress distribution where all ring materials are 

used efficiently. This means that regions or locations where stress levels are significantly lower to 

the average stress throughout the ring will be removed and redistributed to locations where stress 

levels are higher. This would also affect the strain distribution and therefore will enhance the ring 

sensitivity as well.  
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2.9 Aims and Objectives 

 

The aim of this study is to improve the sensitivity of the proving ring while minimizing and 

optimizing the stress distribution. To address the problem statement and research gap, the 

objectives set for this study are: 

1. To design a proving ring with uniform radial stress distribution  

2. To design and modify the current proving ring design for improved sensitivity 

3. To study the effect of cross-sectional dimensions on the stress distribution and sensitivity 

4. To apply, analyze and compare various finite element-based shape optimization techniques 

that would yield an optimized ring shape design. 

 

2.10 Scope of Study 

 

The scope and limits of this study are: 

1. Only ring-shaped force transducers will be studied in this research 

2. Stress, strain and sensitivity studies and comparisons made will only be restricted to 

ring shapes only. Therefore, no comparisons will be made with other types of force 

transducers 

3. With respect to ring material, it is assumed that an optimal shape would be deemed 

universal in its characteristics regardless of the ring material used. Therefore, no studies 

with regards to ring material will be discussed in this research. 

 

2.11 Research Question 

 

From the review, a few research questions were made.  

• What are the effects of ring geometry on the stress levels on the ring?  

• Can the sensitivity of the ring be enhanced further through geometric modifications?  

• Can a universal ring shape be designed that would be sensitive irrespective of its size?  
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2.12 Literature Review Conclusion 

 

Various authors have shown the strength and weaknesses of each ring design. The circular ring 

shape has been studied and its force measuring performance thoroughly evaluated. Octagonal rings 

have been shown to be capable force transducers in measuring dynamic forces in machining 

applications. The extended octagonal ring has been presented as a suitable force transducer 

particularly in the agricultural field. However, from the literature review, there are still some gaps 

in literature worth pursuing in this field, particularly in terms of stress distribution and 

enhancement of the ring sensitivity. It was determined that although each ring shape has its own 

unique characteristics, it was clear that the current ring designs suffer from the stress imbalance 

during load application. Also, there are still ways to improve ring sensitivity as opposed to relying 

on ideal strain gauge placement or type of strain gauge used. Therefore, as was previously 

mentioned, this research study will try to address the research problem and gap to design a proving 

ring with enhanced force measuring performances that would further benefit industries dependent 

on the use of proving rings. 
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Chapter 3 

 

 

 

 

Methodology 

 

 

 

 

3.1 Introduction 

 

In designing the proving ring, multiple approaches were taken. An experiment was 

conducted on an existing circular proving ring. The results collected were then used as a basis for 

design improvements and a foundation for the optimization work later on. Based on the critical 

review work done in the literature section, the two conventional proving rings, circular and 

octagonal ring shape, were selected for finite element analysis. The results of the simulations were 

then used for further optimization and development of design ideas to address the research gap 

found in the current literature. A flowchart is presented below to summarize the methodology of 

the whole thesis. 
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Figure 3.1 Research Methodology Flowchart 

 

3.2 Experiment 

 

The experiment was conducted on a conventional circular proving ring to identify the 

characteristics and performance of the ring as a basis for future design improvements. The 

dimensions of the ring were measured, and a static compressive load test was conducted. The load 

was set at step increments of 5kN up to 30kN with a 5 second pause at each interval to record the 
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corresponding deflection. The deflection values were read from the dial gauge attached to the 

proving ring as shown in Figure 3.3. The data was then collected, and a load vs deflection curve 

was plotted to identify the modulus of elasticity and stiffness of the circular ring using thin ring 

theory [17, 18]2.   

 

3.3 Equipment 

 

 3.3.1 Circular Proving Ring 

 

As a basis for design improvements, a circular ring was found and experimented upon.  The 

ring was obtained from the university laboratory as it was not in use. Figure 3.1 shows the circular 

ring during loading experiment. The dimensions of the ring are: 

 

Table 3. Dimensions of experimental proving ring 

Parameters Dimensions, mm 

Outer radius, Ro 89 

Inner radius, Ri 79 

Thickness 10 

Ring width 60 

 

Figure 3.2 shows the dimensions and two-dimensional representation of the proving ring used for 

the experiment. 

 

                                                 
2 The following section has been included in two published papers and a paper currently under preparation. The 

published papers are titled: Design of a proving ring with improved sensitivity and optimum stress distribution and 

Shape Optimization: Case Study on Design of a Ring Type Force Transducer 
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Figure 3.2 Dimensions in mm of the conventional proving ring 

 

 3.3.2 Instron Testing Machine 

 

A static load testing machine was used to apply incremental static compressive load during 

the experiment. The static load machine used in the experiment was the Instron 5960 Series. Figure 

3 shows the preparation of the circular proving ring in the between the Instron testing machines 

jaws during the experiment. 

 

Figure 3.3 Experiment of the conventional proving ring 
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 3.3.3 Other Equipment 

 

A measuring tape was used to measure the center of the Instron machine to ensure the force 

exerted on the ring center. A dial gauge seen in Figure 3.3 originally attached to the ring was used 

to measure the ring deflection. The dial gauge was calibrated to zero before use. 

 

3.4 Analytical Analysis 

3.4.1 Dimensional Analysis3 

 

Figure 3.4 Cross section of circular ring 

 

Figure 3.4 illustrates the cross section of a conventional circular ring rotated to the right of its 

horizontal axis. Point A is a fixed location of interest where all parameters were measured such as 

stress and strain for fair comparisons of different geometry. Dimensional analysis was performed 

to establish the relationships of the ring dimensions with factors such as applied force, the resulting 

deflection and the modulus of elasticity.  

                                                 
3 The following section has been published in the methodology part in ICMEA 2018 conference paper titled Design 

of a Proving Ring with Improved Sensitivity and Optimum Stress Distribution.  
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𝛿 = 𝐹1(𝐹𝑟 , 𝐸, 𝑅𝑖, 𝑤) 

𝐹2(𝛿, 𝐹𝑟 , 𝐸, 𝑅𝑖, 𝑤) = 0 

𝛿𝑎𝐹𝑟
𝑏𝐸𝑐𝑅𝑖

𝑑𝑤𝑒 = 0 

(𝐿)𝑎 (𝐹)𝑏 (
𝐹

𝐿2
)𝑐 (𝐿)𝑑 (𝐿)𝑒 = 0 

∴ 𝐿𝑎−2𝑐+𝑑+𝑒 𝐹𝑟
𝑏+𝑐 = 0 

Let c = 1, d = e = 0. Therefore, 

𝑎 = 2 𝑎𝑛𝑑 𝑏 =  −1 

Hence, the first 𝜋 group is obtained as  

 
𝜋1 = 𝛿2𝐹𝑟

−1𝐸1 =
𝛿2𝐸

𝐹𝑟
 (3.1) 

Let e = 1, d = -1 and c = 0. Therefore, 

𝑎 = 0 𝑎𝑛𝑑 𝑏 =  0 

Hence, the second 𝜋 group is obtained as  

 𝜋2 = 𝑅𝑖
−1𝑤1 =

𝑤

𝑅𝑖
 (3.2) 

Let c = 0, d = -1 and e = 0. Therefore, 

𝑎 = 1 𝑎𝑛𝑑 𝑏 =  0 

Hence, the third 𝜋 group is obtained as  

 
𝜋3 = 𝛿1𝑅𝑖

−1 =
𝛿

𝑅𝑖
 (3.3) 

From the dimensional analysis above, it is clear that the width of the ring was not taken 

into consideration. This is because the ring width plays no part in the sensitivity or stress levels 

due to the downward action of force acting on the ring. As such this analysis has been treated as a 
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plain strain problem. For a circular proving ring, strain at 0° angle from the horizontal axis point 

A can be calculated using the following formula [10].  

 

 
𝑒𝐴 = ±

1.09𝐹𝑟𝑅𝑚𝑒𝑎𝑛

𝐸𝑏𝑡2
 (3.4) 

And sensitivity is defined as, 

 𝑒𝐴

𝛿
𝑅𝑖

⁄
= 0.61

𝑡

𝑅𝑚𝑒𝑎𝑛
 (3.5) 

Hence, the term on the left hand-side represents the sensitivity on the outer side at point A of the 

ring. Sensitivity is taken as the ratio of strain in the circumferential direction with respect to the 

ratio of deflection per inner radius for the fact that strain in that direction can be physically 

measured by a strain gauge. 

 

3.4.2 Castigliano’s Theorem and the Theory of Thin Rings  

 

The theory of thin rings has been used to develop the analytical solutions in designing rings 

of various shapes. Due to the symmetry in the horizontal and vertical axes, the ring deflection 

analysis can be simplified by only considering a quarter ring. Deflection of the ring is derived 

using Castigliano’s theorem and strain energy theory. Castigliano’s first theorem derives the 

equation needed to calculate force on an elastic member by calculating the partial derivative of 

internal strain energy with respect to deflection. In the case of a known force acting on a curved 

beam, which in this case represents the quarter ring, the second theorem is more appropriate. 

Castigliano’s second theorem states that the partial derivative of the structures internal strain 

energy with respect to the force is equal to the deflection of the beam in the direction of the applied 

force. This second theorem can be represented as  

 

 𝜕𝑈

𝜕𝐹
= 𝛿 (3.6) 

 



65 

 

 

Figure 3.5 Circular and Quarter Ring 

 

Figure 3.5 above representing the quarter ring. Point A is fixed whereas the point of axial load 

application B is free. Taking moment at point A, 

 

 𝜕𝑈

𝜕𝑀𝐴
= 0 (3.7) 

 

The equation above returns the value of zero since at point A there is no vertical displacement. 

Considering a section θ, the bending moment is defined as  

 

𝑀 = 𝑀𝐴 −
𝐹(𝑅 − 𝑥)

2
    𝑤ℎ𝑒𝑟𝑒 𝑥 = 𝑅 cos 𝜃 

 

Therefore, the above equation becomes 

 
𝑀 = 𝑀𝐴 −

𝐹𝑅(1 − cos 𝜃)

2
 

(3.8) 

 

From strain energy theory, the strain energy of a ring under axial loading with respect to the 

moment induced is defined as  
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𝑈 = ∫

(𝑀2𝑅𝑑𝜃)

2𝐸𝐼
 (3.9) 

 

The partial derivative of the equation above with respect to the moment at point A becomes 

 

 𝜕𝑈

𝜕𝑀𝐴
= (

𝑅

𝐸𝐼
) ∫ 𝑀(

𝜕𝑀

𝜕𝑀𝐴
)𝑑𝜃

𝜋
2⁄

0

 (3.10) 

 

At 90°,  

 

𝜕𝑀

𝜕𝑀𝐴
= 1 

 

MA can be obtained as  

∫ 𝑀𝑑𝜃

𝜋
2⁄

0

= 0 

 

Thus 

 

∫ 𝑀

𝜋
2⁄

0

= ∫ 𝑀𝐴

𝜋
2⁄

0

−
𝐹𝑅

2
(1 − cos 𝜃)𝑑𝜃 = 0 

 

Solving the above equation with respect to the limits, 

 

𝜋

2
𝑀 =

𝐹𝑅

2
[𝜃 − sin 𝜃] 

 

Which yields 

 
𝑀𝐴 = 𝐹𝑅 (

1

2
−

1

𝜋
) (3.11) 
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Therefore, the moment equation now becomes  

 

𝑀 = (
𝐹𝑅

2
) (

1

2
−

1

𝜋
) −

𝐹𝑅(1 − cos 𝜃)

2
 

 
𝑀 = (

𝐹𝑅

2
) (cos 𝜃 −

2

𝜋
) (3.12) 

 

Substituting the above equation into the second theorem definition, the deflection of the ring at the 

point of axial load application becomes  

 

𝛿 =
𝜕𝑈

𝜕𝐹
= ∫ (

𝑀𝑅

𝐸𝐼
) (

𝜕𝑀

𝜕𝐹
) 𝑑𝜃

𝜋
2⁄

0

 

𝛿 =
𝜕𝑈

𝜕𝐹
= ∫ [

𝐹𝑅2

2
(cos 𝜃 −

2

𝜋
)] [

𝑅

2
(cos 𝜃 −

2

𝜋
)] 𝑑𝜃

𝜋
2⁄

0

 

=
𝐹𝑅3

4𝐸𝐼
∫ (cos 𝜃 −

2

𝜋
) (cos 𝜃 −

2

𝜋
) 𝑑𝜃

𝜋
2⁄

0

 

 
𝛿 = (

𝐹𝑅3

𝐸𝐼
) (

𝜋

4
−

2

𝜋
) 

(3.13) 

 

3.4.3 Natural Frequency 

 

Modal analysis will be conducted using finite element analysis code ABAQUS to compare 

the natural frequency of the designed ring against conventional shaped rings. Knowing the natural 

frequency of a ring is crucial to ensure it meets certain frequency requirements usually related to 

applications where vibration can affect the ring performance. Frequency is defined as the inverse 

of time period. This is expressed as    

 

 
𝑓 =

1

𝑇
 (3.14) 

 

Whereby the time period T represents 
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𝑇 = 2𝜋√
𝑚

𝑘
 

Hence, the natural frequency equation becomes 

 

 

𝑓𝑑 =
1

2𝜋
√

𝑘

𝑚
 

(3.15) 

 

Whereby K is defined as the bending stiffness of a beam. The stiffness of the ring k is defined as 

the ratio of force per unit deflection which is also the gradient value in a force displacement curve. 

 

𝑘 =
𝐹

𝛿
 

 

3.5 Shape Optimization 

 

3.5.1 Generalized Reduced Gradient Optimization 

 

Analytical Equation 

 

Generalized reduced gradient optimization method, or GRG, is an optimization code based 

on the gradient method [83]. The GRG method is a type of first order numerical optimization 

method which finds the optimal point that satisfies the objective function curve and the input 

constraints. This method is especially useful when dealing with nonlinear based optimization 

problems. The algorithm follows a list of steps to find the optimal point. Visual Basic was used 

for ease of calculation in the analytical process.  

 

The generalized reduced gradient method is used to optimize the stress levels on the ring 

by sections. For this analysis, due to symmetry, only a quarter of the ring is considered. It has been 

established that the moment of the ring at any point from θ is  
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𝑀 =

𝐹𝑅𝑚

2
(cos 𝜃 −

2

𝜋
) (3.16) 

 

Whereby in this instance mean radius is considered. Combined total stress induced on the ring 

with respect to moment at an angle is  

 

 
𝜎 = ±𝐾

𝑀 𝑤
2⁄

𝐼
+

𝐹

𝑤𝑡
cos 𝜃 

(3.17) 

 

The first term is the bending stress induced on the ring. The second term is the normal stress acting 

on the ring at θ. K represents the correction factor that was obtained by a modified equation for 

computing stresses in a curved beam [82]. This was done by plotting a logarithmic curve of mean 

radius Rm against ring width w. The correction factor K is expressed as 

 

 
𝐾 = 0.1405 ln

2𝑅𝑚

𝑤
+ 0.6113 (3.16) 

 

And moment inertia of a ring 

 

𝐼 =
𝑏ℎ3

12
=

𝑡𝑤3

12
 

 

Combining the three equations above yields, 

 

 
𝜎 = 0.843

𝑀

𝑤2
ln

2𝑅𝑚

𝑤
+ 3.668

𝑀

𝑤2
+

𝐹

𝑤
cos 𝜃 (3.17) 

 

The value of stress σ is then calculated for each section between 0 - 90° at 15° interval. 

The obtained value will be the stress at that location with respect to angle. However, the goal of 

this optimization work is to lower the total stress levels of the ring by at least 20%. The stress value 

at angle 0° is multiplied by 80% and is then substituted back into each equation at different angle. 

The objective function is therefore the stress equation at an angle set to 0 or 
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𝜎 = 0.843

𝑀

𝑤2
ln

2𝑅𝑚

𝑤
+ 3.668

𝑀

𝑤2
+

𝐹

𝑤
cos 𝜃 − 0.8𝜎0 = 0 (3.18) 

 

Where σ0 represents the stress taken at angle 0°. This ensures that the stress at any given angle is 

similar to the stress at point 0° which essentially creates a uniform stress distribution throughout 

the ring. To achieve the optimization goal with respect to the objective function, the constraint is 

taken as the sensitivity of the ring improved by 20%. Consider the following sensitivity equation 

at 0°, 

 

 𝑒𝐴

𝛿
𝑅𝑚

⁄
= 0.61

𝑤

𝑅𝑚
 (3.19) 

 

Substituting the value of the initial ring parameters, 

 

𝑒𝐴

𝛿
𝑅𝑚

⁄
= 0.61 (

10

84
) = 0.073 

 

Multiplying the value above by 120% yields 0.0871. Hence, the constraint equation becomes 

 

 0.61
𝑤

𝑅𝑚
≥ 0.0871 (3.20) 

 

The objective and constraint equations above are then used in the optimization task using the 

generalized reduced gradient method.  

 

Algorithm 

 

Generalized reduced gradient (GRG) method is a simple generalized optimization process 

based on the Frank-Wolfe algorithm or reduced gradient [84]. The algorithm is suitable for solving 

nonlinear optimization problems. The algorithm solves the optimization problem by applying an 

equality constraint to find the optimal points. For most engineering process however, behavourial 
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variables such as stress and sensitivity are treated as implicit functions to the design parameters 

which forms inequality constraints. From the previous section, the objective function has a natural 

logarithm in its equation which implies a nonlinear function. Hence, the GRG method is suitable 

for solving a nonlinear equation coupled with an inequality constraint. The following equation 

defines the optimization problem for the GRG code to solve. 

 

{
0.843

𝑀

𝑤2
ln

2𝑅𝑚

𝑤
+ 3.668

𝑀

𝑤2
+

𝐹

𝑤
cos 𝜃 − 0.8𝜎0 𝑒𝑞𝑢𝑎𝑙𝑠 𝑡𝑜 0

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  0.61 (
𝑤

𝑅𝑚

) ≥ 0.0871
 

 

In the optimization procedure, only the ring width is varied to maintain a constant mean 

radius. This is important to avoid large variations in size and ensure a smooth transition between 

sections. The optimization starts at (w,Rm) = (10,84). The algorithm will then solve iteratively 

until it can find a solution to solve the objective function subject to the given constraint. From the 

previous section, the aim of this optimization procedure is to reduce the stress at each section by 

20% while increasing the ring sensitivity by at least a similar amount. The second part indicates a 

problem subject to an inequality constraint. To solve this, solver adds a slack variable to the 

inequality constraint to form an approximate equality constraint. This is done by introducing a 

non-negative value to the inequality constraint. Therefore, 

 

  0.61 (
𝑤

𝑅𝑚
) − 0.087143 = 𝑆 (3.21) 

Where S > 0 

 

Finally, the solver finds a solution that satisfies both the objective function and the 

constraint based on the initial points. Stopping condition can either be when a solution is found 

that satisfies the objective function and the constraint or when a global convergence is obtained. 

A global convergence happens when the change in the first order derivative of the objective 

function is too small for every step length. By default, the convergence value is set to 0.001. For 

this problem, a centralized step change or central derivative is used as global convergence can be 
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more accurately reached. The following diagram summarizes the whole GRG optimization 

procedure. 

 

 

Figure 3.6 Flowchart detailing the GRG algorithm steps 
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3.5.2 Finite Element Analysis 

 

FEA Parameters 

 

A 2D finite element analysis was conducted on the conventional circular ring. The boundary 

condition has been applied at the bottom of the ring where it is fixed as no movement and rotation 

is permitted. A constant load of 30kN was applied in the axial direction at the top point of the ring. 

A 2D solid continuum 4 node rectangular plain strain element with reduced integration (CPE4R) 

was employed in meshing the model as the width of the ring not taken into consideration in the 

analysis. The width of the ring was not considered because it does not affect the deflection or strain 

on the ring. Therefore, the analysis is treated as a plain strain problem. A mesh sensitivity study 

was conducted by varying the seed element value around the ring to determine the suitable mesh 

size for the models. Due to the different geometries of the different ring shapes studied, a range of 

mesh sizes was considered. For the conventional shape, a suitable result was obtained with a total 

of 1280 element and 1600 nodes. Other ring shapes designed in this thesis will meshed to be as 

similar to this as possible. This is done by seeding the model by edges which offers greater meshing 

control compared to seeding by part. These element values were selected to save computational 

time as any more increment did not yield much variation in the simulation response. The element 

size had a length of 1.18mm with varying width. Material properties in the simulation is set with 

Young’s Modulus of 205 GPa and Poisson ratio of 0.3. These properties were based on the initial 

experiment conducted as described later in section 4.2.  

 

The preliminary finite element analysis is to study the validity of the research hypothesis. 

To test the hypothesis, a circular ring and octagonal ring will be simulated for comparison. The 

circular ring represents a constant cross section design whereas the octagonal ring will represent a 

varying cross section design. The rings are designed to have similar mass for fair comparison. 

Stress and strain levels, as well as its distribution around the ring, will be compared. For this 
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preliminary study, the sensitivity of the ring will be taken as the deflection of each rings. Higher 

deflection value shows a higher resolution when measuring force hence higher sensitivity.  

 

 

Figure 3.7 Screenshot of finite element analysis of a circular ring using ABAQUS 

 

TOSCA Shape Optimization 

 

Shape optimization through finite element method can be conducted by using the 

ABAQUS shape optimization algorithm found in its optimization suite TOSCA. The TOSCA 

optimization algorithm used in ABAQUS is based on topology optimization by distribution of 

isotropic material. The purpose of this optimization technique is to find the optimum shape for the 

structure based on a certain set of parameters determined by the algorithm which minimizes the 

stress induced on the structure while minimizing its volume. 

This is achieved by finding a solution that has an optimal structure with increased stiffness. 

The structure obtained generally has a much more optimal stress distribution characteristics due 

material efficiency. Materials that do not contribute to sustaining the force or pressure acting on it 

will be removed or redistributed to locations where high stress is present. To achieve this, 

compliance is a major factor in determining the direction of the optimization. Compliance is the 

inverse of stiffness. In the case of a concentrated load acting on a structure such as a proving ring, 

it is highly advisable to minimize the strain energy in the ring which leads to lower compliance 

and therefore a stiffer structure. The TOSCA optimization suite contains a general topology 
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optimization-based algorithm that can be used to conduct topological, shape and sizing 

optimization. The algorithm optimizes by distribution of isotropic materials. Although a common 

algorithm is used by the suite, shape optimization defers slightly as the optimization process only 

does minimal changes to the structure as opposed to large material removal in topology 

optimization. The main difference is in the execution of the algorithm in obtaining the results while 

the general process leading towards the optimization goal is quite similar.  

Shape optimization is typically performed at the end of a finite element analysis to make 

slight tweaks or refinement to the geometry. Since the general outline of the ring is already 

determined, this optimization task is more suitable. The optimization procedure is similar to 

topology optimization but at a much smaller scale. However, unlike topological optimization, 

shape optimization generates an optimized shape by making slight modifications to the surface 

nodes by moving it around to reduce the stress within the vicinity of the node instead of by 

removing material. The solution is therefore much simpler and shortens time considerably. After 

the finite element analysis was conducted on the conventional circular shape from the previous 

section, the shape optimization is performed based on the simulation results. Before the 

optimization procedure is initiated, sensitivity analysis will be carried on. Sensitivity numbers of 

each element will be compared against the average sensitivity of the structure as a whole and a 

low pass filter will be applied to elements with sensitivity numbers that do not fit. The optimization 

process is then conducted based on material redistribution and the method of moving asymptotes. 

The objective function in this case will be to minimize the strain energy and increasing the stiffness 

of the ring. The algorithm will continue the process until both convergence and volume constraints 

are met.  

Using the ABAQUS software, a conventional circular ring will be designed with 

dimensions based on the proving ring used in the experiment. Finite element simulation will be 

conducted on the conventional circular shape. After the finite element analysis is complete, shape 

optimization will be conducted. The following is a list of parameters in the optimization process. 

Finally, the results of the initial finite element simulation will be combined with the results of the 

shape optimization which will show a more optimized shape with respect to stress. 
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Figure 3.8 Flowchart of TOSCA shape optimization method 
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3.5.3 Evolutionary Algorithm 

 

Evolutionary Structural Optimization 

 

Multiple optimization codes exist for various engineering problems and applications. In 

optimizing the proving ring, which requires structural or shape optimization, it was determined 

that the evolutionary algorithm to be suitable for this type of problem. Standard ESO or 

evolutionary structural optimization codes are based on evolutionary algorithm which optimizes 

the structure through material subtraction using a determined rejection ratio to find an optimal 

shape [85]. The optimization procedure aims to ideally puts all stress values of each element on 

the structure to as close as possible. This ensures efficient material usage throughout the structure. 

To achieve this, materials with low stress levels, which is assumed to be negligible and under-

utilized, are subsequently removed. A rejection criterion or rejection ratio is therefore employed 

to carry out this procedure. After a discretization of the structure has been established through 

finite element analysis, stress levels of each element are then compared to the maximum stress 

levels of the structure as a whole. The rejection ratio is defined as  

 

 𝜎𝑒
𝑣𝑚

𝜎𝑚𝑎𝑥
𝑣𝑚 < 𝑅𝑅𝑖 (3.22) 

 

Whereby 𝑅𝑅𝑖 is the rejection ratio, 𝜎𝑒
𝑣𝑚 is the stress value of the element and 𝜎𝑚𝑎𝑥

𝑣𝑚  is the 

maximum stress of the whole structure. Therefore, at this point it is clear the main objective of the 

optimization procedure is to remove as much void elements or elements that does not contribute 

to sustaining the stress induced on the structure. This results in a much stiffer structure as a whole. 

Although useful, this method however does have certain restrictions. The most obvious is that 

material subtraction alone will not yield a completely optimized shape. The resulting shape from 

the optimization procedure could be largely different than the true optimized shape the algorithm 

is supposed to reach. Essentially, this means that the results of the optimization are rendered 

inadequate. This is especially true if the constraint or rejection ratio applied is too large or 
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inappropriate. This approach is usually catered more towards designing certain structures such as 

a bridge or a support column where the simulation starts with a block of material and results in a 

skeletal-like structure significantly thinner than the starting material. The result is a much smaller 

and stiffer structure.  

 

Bi-directional Evolutionary Structural Optimization 

 

As was mentioned in the previous section, optimization through material subtraction alone 

is insufficient. A second, much appropriate approach for this type of simulation is the bi-directional 

evolutionary structural optimization or (BESO). This algorithm is similar to the ESO approach. 

However, just as the name implies, the algorithm optimizes in a bi-direction method i.e. material 

subtraction and addition [86]. The main difference is the use of evolutionary volume ratio ER 

instead of RR. The elemental and sensitivity numbers are calculated first. A filtering procedure is 

then put in place. The sensitivity numbers of each element are then compared to either addition or 

removal threshold sensitivity value. If the solid element has a lower sensitivity number than the 

threshold it will be removed. The opposite is true for void elements with higher sensitivity number 

than the threshold value. An averaging of the sensitivity numbers is then calculated. This is done 

to ease convergence. The target volume for the next iteration is then determine and material 

addition or subtraction is conducted. The whole process repeats itself until the volume constraint 

and convergence is achieved.     

A program code developed by Mike Xie [85] from RMIT University called BESO2D will 

be used to simulate and run the BESO optimization algorithm. A square ring model with length 

178mm as well as an inner ring diameter of 79mm was created. Finite element analysis with nodal 

distance set at 4 was performed before the BESO optimization. The evolutionary parameters are 

set at material removal rate ER% 2%. Material reduction or volume constraint is set at 80%. 

Maximum iteration number is set at 200. Other parameters such as the filter radius and 

convergence tolerance are set at default values of 12 and 0.10 respectively. Finite element 

simulation parameters are similar to the ones used in the ABAQUS simulation with axial load set 

at 30kN. The basic optimization procedure is presented in the flowchart below.  
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Figure 3.9 Flowchart of BESO optimization method 
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3.6 New Ring Design 

 

 

Figure 3.10 Three rings. Point A is the reference point in which stress and strain in the S11 or σx 

and E11 or εx respectively are measured.  

 

From the optimization work conducted, a general varying cross section shape is observed. 

Using this combined general shape from the optimization results, where material seems to 

concentrate more at the top and bottom portion of the ring followed by the horizontal sides, two 

new ring designs are proposed. The first sees a combination of a circular shape and octagonal 

shape. This was done based on the optimization results where the top and bottom portion were 

similar to an octagonal ring with the sides curving akin to a circular shape. Also, straight sides at 

the point of load application means the need for clamps are negated. The inner shape remains 

circular or elliptical depending on the inner radius. The second is an extension of the first but with 

a double ring design. The first modified ring design is a novel idea proposed by the author which 

combines two conventional shapes into one. The ring has a varying cross section design with ring 

material mostly concentrated at locations where high stress levels are expected based on the 

optimization results found earlier.  The top and bottom portion of the ring has straight sides of 

fixed length 50mm. The width of the ring will be varied primarily from the horizontal axis. This 

in turn would also affect the ring thickness at the vertical axis. The modified ring design as well 

as dimensions with width w = 12.41mm are shown in Figure 3.11. The modified ring mesh is 

similar to the circular ring with 1600 nodes and 1280 elements. Comparison of the modified ring 
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against the other two conventional rings will be made. This is done by utilizing the developed 

equation formed from the second 𝜋 group or Equation (3.2) in the analytical section. Using this 

equation, the width w and inner radius, Ri of all three rings are varied to have similar w/Ri values. 

This ensures the rings are fairly compared. The ring sensitivity in the E11 and E22 directions are 

defined based on Equation (3.5) and plotted against the w/Ri. Stress in the S11 and S22 direction 

are also compared and plotted against w/Ri. Both sensitivity and stress values are taken at point A 

as shown in Figure (3.10). Ring deflection studies will also be conducted by comparing calculated 

values based on the first 𝜋 group. Finally, frequency analysis was conducted to determine and 

compare the natural frequency of the three rings. This is to determine the suitability of the ring for 

various applications where the natural frequency of the ring plays a vital role in the force measuring 

dynamometer design. After comparisons of the rings are conducted, another study to study the 

effects of varying the length of the straight edges on the stress, sensitivity and deflection of the 

ring.  

 

 

Figure 3.11 Modified ring design at ring thickness 12.41mm. Dimensions are in mm. 



82 

 

 

Figure 3.12 Flowchart of modified design analysis 

 

From the design comparison studies conducted on the new ring, it will be shown that the 

overall modified ring can be said to have a universal design. Taking this into account, after the 

new modified design is compared and verified to have better stress levels as well as improved 

sensitivity, a second design modification is implemented. The second design will also have a 

similar overall structure but with a double ring on each side instead. This means that the second 

modified ring will have two curved sections on each side. Figure 3.13 shows the proposed second 

design with the double ring concept. Stress, sensitivity as well as deflection will be studied to see 

if this second design can further improve the first new rings’ characteristics.  
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Figure 3.13 Model of proposed double ring design. Dimensions in mm. 

 

3.7 Conclusion 

 

In conclusion, the designed methodology was done to ensure that the objectives of this 

research study are met. The first or earlier sections were done to create a base understanding of the 

problem at hand. Identifying the initial response of the ring through an experiment as well as 

numerical research helps to determine the direction of this study. The optimization sections help 

to understand and roughly design the general shape of an optimized ring with respect to stress 

induced. The final stage establishes a design idea proposed from the various results and findings 

from this study. Here, a definite ring shape taking the optimization results into account was 

designed and evaluated against other conventional ring shapes. It can be observed that the 

necessary steps have been taken to design a proving ring with optimized stress distribution and 

enhanced ring sensitivity that meets all objectives stated in the previous chapter.  
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Chapter 4 

 

 

 

 

Results and Discussion 

 

 

 

 

4.1 Introduction 

 

In this chapter, all results obtained based on the developed methodology are presented and 

discussed. Experimental work was done to identify material properties such as modulus of 

elasticity as well as the deflection characteristics of the ring. Using finite element simulation, initial 

preliminary work was done by comparing a circular ring with an octagonal ring to test the 

hypothesis. Next, an optimization technique based on GRG code written in Visual Basic is then 

used. Optimizations based on simulations using finite element analysis and evolutionary algorithm 

shows the legitimacy of a varying cross section design with a more optimized shape. The results 

of these three optimization techniques were then used to develop a modified ring with a varying 

cross section design. Lastly, the proposed modified design was enhanced further by applying a 

double ring design.  

  

4.2 Experiment 

 

A preliminary experiment was done on a conventional proving ring. The proving rings’ 

material data sheet however was not available and therefore its modulus of elasticity was unknown. 

The experiment was conducted on a conventional circular proving ring to identify the 

characteristics and performance of the ring as a basis for the design improvement. The dimensions 

of the ring were measured, and a static compressive load test was conducted. The ring was loaded 
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at step increments of 5kN up to 30kN with a 5 second pause at each interval to record the 

corresponding deflection. The final ring deflection at 30kN was found to be 2.55mm. The data was 

then collected, and a load vs deflection curve was plotted to identify the modulus of elasticity and 

stiffness of the circular ring using thin ring theory [17, 18].   

 

Table 4. Experimental results 

Load, F (kN) Deflection, δ (mm) 

5 0.39 

10 0.86 

15 1.25 

20 1.69 

25 2.13 

30 2.55 

 

 
𝛿 =

𝑃𝑅3

𝐸𝐼
 (

𝜋

4
−

2

𝜋
) (4.1) 

 

 
𝐸 = 0.149

𝑃𝑅3

𝛿𝐼
 (4.2) 

𝐸 =
30000 × 893

2.55 ×
60 × 103

12

 0.149 

𝐸 = 245.708 
𝑁

𝑚𝑚

2

 

𝐸 = 245.708 𝐺𝑃𝑎 

𝐸 ≈ 246 𝐺𝑃𝑎 
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Figure 4.1 Load vs displacement response 

 

Figure 4.1 shows the load displacement curve comparing experimental and finite element 

response. The experimental and finite element analysis responses differed by a significant margin. 

It is because the modulus of elasticity used in finite element analysis was calculated based on the 

experimental response which was not closely matching due to factors such as the chrome coating 

and the effects of the clamps on the ring were not taken into consideration. The experimental 

deflection was then taken and used to calibrate the load displacement curve through finite element 

analysis to obtain an adjusted response. This was done by applying a displacement load on the top 

point of the ring instead of an axial load of 30kN. The modulus of elasticity obtained through this 

method was found to be 205GPa.  

 

4.3 Initial Finite Element Analysis and Simulation 

 

For this simulation study, the objective is to study the stress distribution in a circular ring 

and compare it with a variable cross section design represented by the octagonal ring. From 

literature, varying cross section rings such as the octagonal and extended octagonal ring shape 
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designs were frequently discussed due to their suitability in various applications.  The extended 

octagonal ring was not considered due to a largely different geometric design compared to the 

constant cross section circular ring. The dimensions of the finite element simulation circular shape 

were similar to the ring used in the experiment section. The mass of the circular ring without 

attachment was determined by using Solidworks. The octagonal ring was designed to have similar 

mass to the circular ring. This was to ensure a fair comparison between both rings. In this analysis, 

stress in the S11 or σx direction, strain in the E11 direction and deflection are the design responses 

considered for comparison. Along with the stress and strain levels, the distribution pattern of each 

response was noted as well. The following figure shows the comparison of each rings’ stress, strain 

and deflection distribution. 

 

 

Figure 4.2 Comparison of stress in the S11 or σx direction for circular and octagonal rings 

 

Figure 4.3 Comparison of strain in the E11 or εx direction for circular and octagonal rings 
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Figure 4.4 Comparison of deflection for circular and octagonal rings 

 

In the stress and strain analysis, the maximum stress strain values as well as stress strain at 

horizontal point A where θ = 0° in the S11 direction was taken. From Figure 4.2, the radial stress 

in the S11 direction induced by the applied load is mostly concentrated at the inner fibre of the top 

and bottom portion of both rings. The application of a point load creates a bending stress induced 

in the ring. This causes tension on the inner fibre and compression on the outer fibre of the ring. 

The observations made from the finite element modelling however shows that the stress due to 

tension is significant compared to the compression.  S11 stress is seen to be minimum at the 

horizontal sides of the ring.  The stress levels in the circular ring however is slightly higher 

compared to the octagonal ring. This indicates that a varying cross section design such as the 

octagonal ring produces lower stress levels than a constant cross section design. Figure 4.3 shows 

the elastic strain induced on the ring. Similar to the stress distribution, the maximum elastic strain 

was located on the inner fibre of the top and bottom portion of the ring. The circular ring has a 

slightly higher strain value compared to the octagonal ring. Comparing the deflection values of the 

rings in Figure 4.4, the circular ring has a much higher deflection than the octagonal ring. This 

reveals that the stiffness of the octagonal ring is much higher than the circular ring. Moreover, this 

indicates that in terms of measurable deflection, the circular ring is more sensitive. Table 5 

summarizes the findings in this initial finite element analysis.  
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Table 5. Comparison between circular ring and octagonal ring 

Design Response Circular Ring Octagonal Ring Difference 

Maximum Stress, 

(MPa) 

650.2 597.0 8.2% 

Stress at point A, 

(MPa) 

-6.18 inner,  

-4.75 outer 

-3.60 inner, 

 -0.97 outer 

 

Maximum Strain, 

(µ) 

2.832E-3 2.676 x 10-3 5.5% 

Strain at point A, 

(µ) 

7.31 × 10−4inner,      

-6.54 × 10−4outer 

6.33 × 10−4 inner, 

−5.37 × 10−4outer 

 

Deflection, (mm) 2.561 1.012 60.5% 

 

The results obtained from simulation show that there is legitimacy in applying a varying 

cross section design to the conventional rings to improve its stress levels. The octagonal ring has 

significantly reduced stress levels compared to the circular ring with constant ring thickness. 

However, the octagonal ring has a significantly lower sensitivity based on measurable deflection. 

This is expected as the moment area of inertia at the point of load application has been increased. 

It is known that stress is directly proportional to the strain in a structure given a constant modulus 

elasticity. From this relationship, the increase in bending stress in the ring will result in the increase 

in strain of the ring given a constant modulus of elasticity. The increase in strain is measurable 

using a strain gauge connected in a Wheatstone bridge configuration. Therefore, increasing the 

stress levels can increase the strain and sensitivity of the ring. However, a balance of these two 

factors must be achieved. The next few sections will try to address this by utilizing various 

optimization algorithms. 
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4.4 Generalized Reduced Gradient Optimization Code 

 

GRG or generalized reduced gradient is an optimization algorithm for general first order 

optimization work. In this section, the GRG code was used to find an optimal width based on the 

stress equation. The ring was segmented into sections of 15° intervals. Only a quarter of the ring 

was considered due to symmetry. The objective function and constraint have been defined in the 

previous chapter. The initiation of the algorithm starts with a width of 10mm. Mean radius was 

kept constant to ensure a smooth ring geometry with minimal variations between sections of 

different thickness. Hence, with the width varied, the mean radius is controlled. The following 

table illustrates the results obtained from the GRG optimization work.  

 

 

Figure 4.5 GRG optimization results for a) quarter ring and b) full ring 

 

The optimization process was conducted in a way that ensures stress level at each section 

is similar to stress value at section 0°. From Figure 4.5, a varying thickness ring design can be 

observed. From Table 6, it was found that stress at all sections have been made uniform. The results 

therefore indicate that the objective function has been successfully achieved with each section 

sustaining the same amount of induced stress after the ring thickness was modified. Also, it is 

observed that the ring width decreases considerably by nearly half as it approaches from 0° to 60° 
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from 11.14mm to 6.46mm. This is expected since bending moment reduction results in lower stress 

levels at those sections. Hence, less material is required to sustain the stress induced.  Between 45-

60°, there is a change in sign from positive stress value to negative. A sign change from one angle 

to another suggest a change from tensile stress to compressive stress which is indicated from 

positive to negative. Lastly, highest sensitivity with respect to measurable strain was obtained at 

90° with the minimum found at 60°. The second largest sensitivity was located at 0° which is a 

more ideal location for strain gauge placement than the section where axial force is applied.  

 

Table 6. Results of GRG Optimization 

Angle, ° Width, w Stress, MPa Sensitivity 

0 11.14 24580 0.0809 

15 10.98 24580 0.0797 

30 10.27 24580 0.0746 

45 8.99 24580 0.0653 

60 6.46 -24580 0.0469 

75 10.66 -24580 0.0774 

90 13.76 -24580 0.0999 

 

 

4.5 Bi-directional Evolutionary Structural Algorithm Results 

 

The second optimization technique was the bi-directional evolutionary structural 

optimization algorithm BESO2D developed by Mike Xie of RMIT University [85]. The 

parameters for the finite element simulation section in BESO was similar to the ones used in the 

ABAQUS finite element simulation. The optimization settings have been discussed in the 

Methodology section of this thesis. The design approach in starting with a square ring shape is 

called an Initial Guess Approach [85]. This design approach starts with initial material volume as 

close to the final objective volume as possible. To do so, a square ring with significantly more 

material is used in the initial guess. The square ring approach was also taken as starting directly 

from a circular ring design results in a structure too thin to be considered ideal which in part is due 

to the coarse mesh. From numerous simulation trials, a finer mesh results in program error which 
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could be due to computer memory problems. Hence, a coarser mesh is used for the simulation. 

This means that since less materials are added or removed to achieve the target volume, the number 

of iterations can be significantly reduced which saves computational time. Lastly, a volume 

constraint of 80% was selected to maintain the mean radius of the ring. A lower volume constraint 

would result in a thinner ring structure.  

 

Figure 4.6 (a) shows the finite element simulation result of the square ring shape. It can be 

observed that high stress levels tend to concentrate at the upper and lower portion of the ring. 

Slightly lower stress levels were seen at the sides of the ring predominantly on the inner surface. 

This is in accordance to previous simulation results where high stress concentration levels were at 

similar locations around the circular ring. Also, stress levels are lowest at locations between 30-

60° from the horizontal axis. In summary, there are large variations in stress levels between 

elements in different locations of the ring. These observations indicate that the ring material has 

not been fully utilized to sustain the stress induced on the ring. In Figure 4.6 (b), the optimization 

result observed a drastic reduction of materials from the edges of the ring towards the center where 

stress levels are highest. Based on the simulation results, this outcome was to be expected. The 

optimized shape shows a kind of modified ring shape with most ring materials concentrated at the 

upper and lower portion of the ring as well as at the horizontal sides where stress levels are the 

highest. Thinner structure was observed at the curved edges connecting the vertical and horizontal 

portion of the ring. It was also found that the stress levels around the ring were more evenly 

distributed compared to the initial simulation results. This indicates ring material has been 

optimally redistributed throughout the cross section of the ring. 
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Figure 4.6 (a) Finite element analysis and (b) optimization results of a square shaped ring using 

BESO2D code 

 

4.6 Finite Element Shape Optimization (TOSCA) 

 

TOSCA optimization was conducted on the circular ring from the previous finite element 

simulation. The objective function was set at minimizing stress. The volume constraint was set at 

80% of a fraction of the initial volume. Similar to previous optimization method, there is a distinct 

pattern of materials concentrated at the four sides of the ring. The vertical sides of the ring that is 

perpendicular to the applied load indicates thicker sections from the middle that gradually thins 

out as it reaches 45°. At around 45°, there is a necking pattern where ring material is minimum. 

Ring width is smoother and more even on the horizontal sides of the ring. This shows that material 

is least required at this location to support the stress induced on the ring.  
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Figure 4.7 Result of TOSCA shape optimization 

 

From the Figure 4.8, it can be observed that the stress levels have been significantly 

reduced. The initial ring geometry was identical to the ones simulated from section 4.3. Comparing 

the results of the conventional ring to the optimized one shown above, the optimized ring shows a 

maximum stress reduction from 650.2 MPa down to 557.2MPa. This is a reduction of 125.8MPa 

or 14.3%.  In terms of the stress distribution, unlike the circular ring which concentrates over a 

smaller area directly under the axial load application point, the stress is more evenly distributed 

over a larger area at the inner surface of both the top and bottom portion of the ring. This would 

explain why the stress levels can be decreased as the area is more densely packed with ring material 

to withstand and support the stress induced. Slightly higher stress levels can also be seen on the 

periphery of the ring on the horizontal sides which was not observed in the circular ring (Figure 

4.2). This indicates that stress is much more evenly distributed throughout the ring thereby 

ensuring ring material is optimally used. Figure 4.9 shows the strain distribution in the E11 of the 

optimized ring. It is observed that the maximum strain levels have been reduced from 

2.832 × 10−3𝜇 to 2.504 × 10−3𝜇 or by 11.6%. This indicates that the sensitivity of the ring in 

terms of measurable strain has been slightly reduced. The reduced strain levels however were 

expected as the stress levels has been reduced. Similar to the stress results, the strain distribution 

pattern shows a more evenly distributed strain over a larger inner surface as opposed to the circular 

ring. In Figure 4.10, the deflection of the ring has been significantly increased from 2.561mm to 

4.043mm or by 72%. Table 7 summarizes all findings made from this optimization technique.  
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Figure 4.8 Stress in S11 or σx direction of optimized ring 

 

 

Figure 4.9 Strain distribution in the E11 or εx of the optimized ring 

 

 

Figure 4.10 Displacement of the ring in the U2 or vertical direction 
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Table 7. Summary comparing conventional circular ring and optimized ring. 

Design Response Optimized Circular Difference, % 

Maximum Stress, 

MPa 

557.2 650.2 14.3 

Maximum Strain, µ 2.504 × 10−3 2.832 × 10−3 11.6 

Deflection, mm 4.043 2.561 57.9 

 

4.7 Comparison of Optimization Techniques 

  

 

The following section discusses the results obtained from the optimization process. Stress 

and strain values were measured at point of load application Fr and at the horizontal point A as is 

shown in the following figure below. Literature shows that different ring shapes were found to 

have different optimal strain gauge locations for accurate force measurements. To highlight the 

differences between ring geometries in terms of the various measured parameters such as stress 

and strain, location point A was identified as the referral point for comparison between different 

ring shapes. This ensured comparisons between the different ring shapes were fair. Shapes and 

geometries from each optimization technique were discussed and results obtained were later 

compared based on various design response.   

 

Figure 4.11 Circular ring illustrating where design responses were measured 
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4.7.1 Effect of Shape Optimization Codes on Ring Stress  

 

 

Figure 4.12 Changes in stress at various points for S11 stress GRG optimization 
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Figure 4.13 Changes in stress at various points for von Mises stress in BESO optimization  
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Figure 4.14 Changes in stress at various points for S11 or σx stress ABAQUS shape optimization  
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Figure 4.15 Comparison in percentage of all three optimization methods 

 

 

The figures above show the percentage changes in stress for all three optimization methods. 

Stress in BESO is represented in the von Mises form whereas stress in the X direction or σxx is 

represented in the GRG and ABAQUS optimization. From the GRG optimization method, it is 

observed that both maximum stress and stress at point A were significantly reduced. The maximum 

S11 stress was found to reduce by 98.0% with stress at point A reduced by 24.3%. The maximum 

von Mises stress at point of load application was found to have slightly increased by 1.0% in the 

BESO optimization. This small increase can be deemed negligible. Slight reduction of 9.0% was 

also observed at point A. This indicates that BESOs’ optimization aim of finding the stiffest 
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possible structure was achieved. The slight increase and decrease in stress at both locations shows 

that stress is more optimally distributed between the point of load application and horizontal point 

A. Similar to the GRG optimization, the ABAQUS shape optimization sees reductions in both 

maximum stress and stress at point A. Stress reduction in the S11 direction was more pronounced 

at point A with a reduction of 66.5% whereas the maximum S11 stress was reduced by 16.7%. The 

results indicate that all three optimization techniques successfully reduced the stress levels in the 

rings. 

 

4.7.2 Effect of Shape Optimization Codes on Ring Strain  

 

 

Figure 4.16 Changes in strain at various points for GRG optimization 
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Figure 4.17 Changes in strain at various points for BESO optimization  
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Figure 4.18 Changes in strain at various points for ABAQUS shape optimization  
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Figure 4.19 Comparison in percentage of all three optimization methods 

 

It was observed that there is an overall trend of strain reductions across all three 

optimization techniques with a one exception. The general trend of strain reductions is expected 

however as a reduction in stress would result in strain reductions. Both GRG and BESO 

optimization experienced strain reduction similar in value to the stress reductions from the 

previous section. However, the BESO method shows a very slight increase in maximum strain 

value and a decrease in strain at point A. Similar to the stress results, this is due to the optimization 

method finding a stiffer overall structure. The ABAQUS results shows an increase in strain at point 

A and a decrease in maximum strain value. The positive change in strain at point A indicates a 

potential location for ideal strain gauge placement. 
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4.7.3 Effect of Shape Optimization Codes on Ring Sensitivity 

 

 

Figure 4.20 Effect of optimization codes on change in sensitivity  

 

The figure above compares the changes in sensitivity in all three optimization codes. Ring 

sensitivity was calculated using the following equation [10]:  

 

 𝑒𝐴

𝛿
𝑅𝑚𝑒𝑎𝑛

⁄
= 0.61

𝑤

𝑅𝑚𝑒𝑎𝑛
 (4.3) 
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Figure 4.21 Percentage change in sensitivity 

 

In this case, the ring deflection is taken as 1 to ensure unity and fair comparison. There is 

no effect on the mean radius of the ring at all three optimization techniques. Hence, sensitivity was 

affected only by the change in strain. Ring sensitivity was measured at point A. From Figure 4.21, 

it can be observed that ring sensitivity has been significantly increased in all three optimization 

codes. GRG optimization increases ring sensitivity from 1.25 x 10-5 to 1.01 x 10-5 or by 19.5%. 

BESO2D optimization sees sensitivity increase by 8.3%. ABAQUS shape optimization produced 

the largest increase of the three optimization codes by 48.7%. The positive results in all three 

optimization codes were the result of increase in strain at point A. 
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4.7.4 Mean Compliance comparison 

 

In Figure 4.22, it can be observed that the volume constraint was immediately achieved at 

the first iteration t = 2.0 with no changes after. The first iteration sees a large increase in the 

objective function value at the first iteration. A gradual downward trend was then observed as the 

iterations continued until both objective function and volume constraint lines intersect. The 

optimization process stopped when convergence was achieved. This was indicated as both 

objective function and volume constraint lines see minimal changes past the iteration t = 10.0. 

Figure 4.23 shows the BESO evolution history of the mean compliance and volume fraction from 

the BESO optimization process.  It is observed that the mean compliance increases up to iteration 

number 10 before stabilizing. Volume fraction stabilizes to 80% at the same iteration number. 

Convergence occurred at iteration number 20.  

 

 

Figure 4.22 History output of ABAQUS shape optimization 
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Figure 4.23 BESO history output 
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4.8 Continuous Varying Cross Section Ring Design4  

 

4.8.1 Effects of modified design on ring sensitivity  

 

 

Figure 4.24 Relationship between 𝛿
𝑅𝑖

⁄
 and 

𝑤

𝑅𝑖
 for modified and conventionally designed proving 

rings by finite element analysis for sensitivity in the E11 or εx direction. 

 

                                                 
4 The following section was accepted and presented in a conference paper titled “Design of a Proving Ring with 

Improved Sensitivity and Optimum Stress Distribution” submitted to ICMEA 2018. The last two sections however 

were added solely as part of this thesis and will not be published.  
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Figure 4.25 Relationship between 𝛿
𝑅𝑖

⁄
 and 

𝑤

𝑅𝑖
 for modified and conventionally designed proving 

rings by finite element analysis E22 or εy direction 

 

Based on the derived ratios through dimensional analysis, the finite element simulations 

comparing circular, octagonal and modified shape were performed. Strain in the circumferential 

and radial direction were measured at point A. Sensitivity response based on strain in the E11 and 

E22 direction of all three rings were compared in Figure 4.24 and Figure 4.25. For strain in the 

E11 direction, it was observed that the modified ring has a lower sensitivity compared to the other 

two rings at lower size. However, at these lower sizes, the rings are considered too thin to be 

practical. Conversely, the modified ring design shows an increasing sensitivity when size is 

increased. At larger size, where the ring is thicker, the modified ring has increased strain which 



111 

 

results in higher sensitivity compared to the other conventional rings. Sensitivity for strain in E22 

direction shows that the modified proving ring is much more sensitive compared to the other two 

proving rings irrespective of ring size. The maximum sensitivity achieved is higher than an 

octagonal based design from literature [4].  

 

4.8.2 Effect of modified design on ring stress 

 

 

Figure 4.26 Relationship between stress and 
𝑤

𝑅𝑖
 for modified and conventionally designed 

proving rings by finite element analysis in the S11 or σx direction 
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Figure 4.27 Relationship between stress and 
𝑤

𝑅𝑖
 for modified and conventionally designed 

proving rings by finite element analysis in the S22 or σy direction 

 

Figure 4.26 and Figure 4.27 shows the maximum horizontal stress values at point A in the S11 and 

S22 direction with respect to Equation (3.2). It was observed that when the ring size increased, 

both stress components decrease significantly for the circular and octagonal proving rings. The 

modified proving ring however showed a slight increase in the S11 direction (+14.7%) and a slight 

decrease in the S22 direction (-30.6%) as the ring size increases. Compared to the large changes 

seen in the other two conventional rings however, these changes can be deemed negligible. 

Although most literature reported on the von Mises stress, the results obtained here still shows that 
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without compromising the stress levels and with respect to varying ring size, the modified ring 

design is universal [4, 19, 41]. 

 

4.8.3 Effect of modified design on ring deflection 

 

 

Note: E is taken as 1GPa for all ring types as material are similar 

Figure 4.28 Relationship between 
𝛿2𝐸

𝐹𝑟
 and 

𝑤

𝑅𝑖
 for modified and conventionally designed proving 

rings by finite element analysis 

 

Based on Equation (3.1) and Equation (3.2), deflection characteristics for all three rings were 

compared as shown in Figure 4.28. Deflection results for the circular and octagonal rings vary 
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considerably when the ring size is increased. However, the deflection of the modified ring did not 

vary much when the ratio is increased. This result shows that compared to the other two rings, the 

modified ring can be said to have a universal design because of its deflection characteristics. The 

negligible variation of the ring deflection shows that the effects of ring dimensions does not affect 

the deflection of the ring.  Most studies reported similar deflection values for the conventional 

rings which verifies the comparison made [26, 41, 67].  

 

4.8.4 Effect of Modified design on strain distribution 

 

 

Figure 4.29 Strain distribution in the E22 or εy direction along the quarter ring. 
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From Figure 4.29, it was observed that the ring has a positive strain value at 0° up to 26° indicating 

tensile strain at these locations. Negative strain values appeared from 26° to 60° which indicates 

compressive strain. At 90°, the strain is compressive due to it being at the location of load 

application. This point is not suitable for strain gauge placement. Between 36° to 56°, compressive 

strain is maximum for all rings of varying thickness. The most sensitive ring is seen to peak at 36° 

with thickness 7.41mm. This is the ideal strain gauge location to measure the strain induced by 

axial loading. From literature, the ideal strain gauge placement for circular ring by Kumar et al. 

[22, 23] and Chen et al. [19] was stated at 39.6°. The ideal octagonal strain gauge placement was 

reported to be at 45° by Soliman and Abuhasel [41, 42].  

 

4.7.5 Frequency analysis  

 

Frequency analysis was conducted on the new ring design. Identifying the natural frequency of the 

ring is essential when designing for applications where the force measuring device can be affected 

by tool vibrations such as those in the machining field. The natural frequency of the ring is 

determined from the following equation: 

 

𝑓 =  
1

2𝜋
√

𝑘

𝑚
 (4.4) 

Where stiffness k is calculated as [3]: 

 

 
𝑘 =  

𝐸𝑡𝑤2

1.8𝑟3
 (4.5) 

 

The calculated value obtained through the equations above is then compared to the finite element 

simulation of the new ring design and other ring types. The compared rings have similar mass for 

fair comparison. Table 8 shows the results of modal analysis through simulation with the final 

entry showing the natural frequency of the modified design based on analytical calculation for 

verification. It is observed that the modified design has a significantly higher natural frequency 
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compared to the conventional circular and octagonal rings. From stiffness equation, the stiffness k 

has an inversely proportional relationship with cube radius r with the rest of the term’s constant. 

This shows that as the radius decreases, the stiffness increase. The increase in stiffness results in 

the increase in natural frequency. Therefore, given the rings are of equal mass, the lower diameter 

design of the modified ring is expected to have a higher natural frequency.  

 

Table 8. Comparison of natural frequency of different ring types 

Ring Type Natural Frequency, Hz Horizontal Diameter, mm 

Circular 183.48 178.00 

Octagonal 219.92 158.60 

Modified Design 

(FEA) 

591.50 144.82 

Modified Design  

(Analytical) 

589.4 144.82 

 

 

4.8.6 Effect of varying length of straight edge 

 

The previous studies show the effect of the modified ring design on various aspects with the length 

of the straight edge kept constant at 50mm. The following table shows the effect of varying the 

straight side length on the maximum stress in the S11 direction and the resulting sensitivity. Strain 

value was taken at the horizontal inner side of the ring where θ = 0°. The straight sides were varied 

from 25mm up to 75mm with the total edge to edge length or diameter of the ring kept constant. 

From Table 9, it was observed that the maximum stress in the S11 direction of the ring decreases 

as the length of the parallel straight edges increase. This can be attributed to the decrease in bending 

stress applied on the straight edge as its length was increased. Conversely, strain at point A was 

found to increase as the length increases which in turn increases the ring sensitivity. The increase 

in sensitivity can also be attributed to the increases in strain induced on the ring. Deflection was 
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found to decrease as the length was increased. An optimum straight side length of 50mm was 

selected due to a balance of maximized strain and minimized stress. 

 

Table 9. Effect of different straight side length 

Straight side 

Length 

Deflection at 

top ring, 

mm 

Strain at point A, 

µ 

Sensitivity, 

µ/mm 

Maximum S11, 

MPa 

25 0.5498 -2.95118 x 10-4 0.0335 314.1 

50 0.3847 -2.30842x 10-4 0.0375 289.3 

75 0.2787 -1.7592 x 10-4 0.0393 252.4 

 

 

4.9 Double Ring Design 

 

From the previous sections, it was observed that a continuous variable cross section 

significantly improves the stress levels as well as enhance the ring sensitivity. This is due to ring 

material redistributed at optimal locations around the ring. In this section, the last ring design 

approach is studied. In the previous section, the modified ring design had a varying cross section 

design with straight sides at the point of load application and boundary condition. Taking this 

design even further, this section will study the effect of having a double ring design on the previous 

modified ring. A double ring design is applied at the circular end of the ring to form four curved 

sections. Unlike all other previous ring studies however, the double ring design was meshed by 

seeding the part as a whole using a global size number. This is due to the largely differently 

geometry of the double ring design. The mesh has 1645 nodes with 1356 elements which is a close 

to the circular ring mesh as possible. From the finite element analysis of the design, it was found 

that the stress levels were decreased significantly when this design procedure was applied. Stress 

levels reduced from 381.6 MPa in the previous modified ring design to 196.0Mpa or nearly 49% 

reduction.  From the previous modified ring design and conventional rings, it was observed that 

the stress distribution was mostly concentrated at the inner surface of the top and bottom sections 

of the ring which decreases along the periphery before increasing again to a second maximum 
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stress level at the horizontal side. However, in the double ring design, it was observed that the 

stress distribution was evenly distributed along the inner surface of the top and bottom portion of 

the ring. Maximum stress levels were found to be concentrated at the location where the straight 

and inner curved section meet. Of the two curved sections, it was observed that the inner section 

experienced higher stress levels compared to the outer section.   

The ring sensitivity based on the strain equation from the previous section was found to 

have increased slightly. Similar to the observations made of the stress distribution, the strain 

distributions were also more evenly distributed along the straight sections of the ring compared to 

the previous modified ring design and conventional rings. Finally, the double ring design has a 

lower deflection value of 0.2146mm compared to 0.5183mm from the modified design which 

indicates that the former has higher stiffness than the later. The results indicate that although stress 

levels have been significantly lowered, it was at the cost of the ring sensitivity which was found 

to have reduced significantly. Therefore, the modified ring would be the better choice of the two. 

Table 10 compares the double ring design with the most optimal modified design (width 

12.41mm). 

 

  

Figure 4.30 Stress distribution in the S11 or σx direction 
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Figure 4.31 Strain distribution in the E11 or εx direction 

 

  

Figure 4.32 Deflection characteristics of the double ring design 

 

Table 10 Summary of double ring design 

Factors Double Ring Design Modified Design  Difference, % 

Maximum Stress 196.0 381.6 48.6 

Maximum Strain 8.022 × 10−4 1.732 × 10−3 53.7 

Deflection 0.2149 0.5183 58.5 

Outer Sensitivity 0.01945 0.03745 48.1 

Inner Sensitivity 0.050311 0.047961 4.9 
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4.10 Results Summary 

 

To conclude, it can be observed that the objectives of this research were successfully 

achieved. All optimization codes produced a varying cross section design to achieve better stress 

levels. The optimization codes were found to have improved stress levels significantly with GRG 

code resulting the largest decrease in maximum stress by 98% while the ABAQUS TOSCA shape 

optimization yielded the largest increase in sensitivity by 48.7% and decrease in stress at point A 

by 66.5%. The modified ring design was found to have significantly lower stress levels compared 

to the conventional circular and octagonal ring shape designs as well as having higher sensitivity 

levels especially at higher ring size. With no significant effect with respect to deflection and 

changes in stress as the ring size increases, the ring can be said to have a universal design. Finally, 

in the double ring design study, it was found that the proposed ring geometry saw large decrease 

in stress levels. The deflection value was also found to have decreased considerable owing to the 

enhanced stiffness of the ring geometry. Overall, the author believes the modified design to be best 

suited for most loading conditions. Although the double ring design was shown to have a stress 

reduction by nearly 50%, it is noted that this is at the cost of significant reduction in sensitivity as 

well. Due to this, and the fact that the modified ring itself does have optimal stress levels already, 

the modified design was chosen. 
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Chapter 5 

 

 

 

 

Conclusion 

 

 

 

 

5.1 Summary 

 

This thesis concerns the research of ring type mechanical force transducer or proving ring. 

Experimental characterization on a proving ring was conducted to find a reference design for future 

improvements. From the experiment, it was found that the calculated modulus of elasticity yielded 

a finite element force displacement response that differed by a significant margin compared to the 

experimental curve (Figure 4.1). To correct this, a displacement load was imposed at the top point 

of the ring instead of a constant axial load of 30kN. The value of modulus of elasticity was than 

calibrated between 190-210 GPa. A force displacement curve that closely resembles the 

experimental response was obtained when the modulus of elasticity value was 205GPa. In the 

subsequent analyses, the value of E = 205GPa was used in all finite element simulations and 

optimization work conducted in this research. The simulations were all elastic simulation. Hence, 

all results within the elastic range were validated. In conclusion, the research objectives have been 

successfully achieved. To summarize, the following conclusions were found:  

• In the preliminary experiment, it was shown from Figure 3.2 and Table 4 that reduced stress 

levels as well as a more balanced stress distribution were seen in the octagonal ring which 

indicates the varying cross section hypothesis is valid. This hypothesis was then used as 

the fundamental basis for design improvements.  

• In the first optimization part using the generalized reduced gradient optimization code, the 

objective was to evenly distribute stress with similar levels at all sections. The resulting 
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optimized shaped shows a varying design with maximum ring thickness at the point of 

axial load application. Minimum thickness was seen an angle 45° from the horizontal axis. 

These results can be seen in Figure 4.5 (a) and (b).  

• From Figure 4.7, as expected, the BESO algorithm removed material from the outer corners 

of the ring with ring thickness mostly maintained on the horizontal and vertical sides where 

stress levels are highest.  

• Similar results were also seen in Figure 4.8 where the ABAQUS shape optimization 

produces a ring geometry with minimum thickness between 45-50°. These three results 

show that since bending stress is minimum at 50° and highest at the point of load 

application, ring material can be rearranged to be more optimally placed around the ring to 

account for the major stress imbalance.   

• From Figure 4.13, the optimization results show that stress levels were reduced 

significantly except for the BESO result. All three optimization codes successfully 

produced a design with uniform radial stress distribution. These results successfully 

achieved Objective 1. The effect of varying thickness and mean radius throughout all three 

optimization results also confirms Objective 3. 

• In Figure 4.15, it was observed that all three optimization codes increased ring sensitivity. 

BESO optimization sees the least amount of increase by 8% whereas the ABAQUS shape 

optimization code increases sensitivity by almost 49%. These results indicate that 

Objective 2 and 4 have been achieved.   

• In the new design study, from Figure 4.19, it was shown that the modified ring compared 

favourably against the circular and octagonal shape with ring size having minimal effect 

on the stress levels. It was also shown that stress in the modified ring was notably much 

lower compared to the other two ring shape when ring size is smaller. In Figure 4.18, when 

considering strain in the 휀22, modified ring sensitivity was much higher than the other two 

rings. Sensitivity in the 휀11 direction however showed that the sensitivity of the modified 

ring was higher when ring size was larger. Based on the deflection comparison, ring size 

does not seem to affect the deflection characteristics of the modified ring. Taking all the 

results into account, the modified ring can be said to have a universal design, that is the 

change in ring size does not affect the ring stress levels or deflection characteristics. Here, 

the results indicate Objective 2 has been achieved. 
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• By applying the double ring design approach, stress levels were again significantly 

reduced. More importantly, as was shown in Figure 4.22 and 4.23, the stress and strain are 

more evenly distributed on the inner surface or the ring on the top and bottom portion of 

the ring. This indicates a more optimized ring design. These results show that Objective 1 

of this research work has also been achieved.  

 

5.2 Limitations 

 

The previous sections show that the proposed methodology were successful in obtaining the 

desired results. An optimized proving ring design was obtained through the various optimization 

codes which were then used to propose a simple ring modification that showed significant 

enhancement over the current circular and octagonal ring designs. However, although the results 

were promising, these were achieved with certain limitations that were unavoidable.  

 

1. Fabrication of the proposed proving ring design was not possible due to time constraints 

placed on the project. 

2. The lack of a fabricated ring meant that further experimental studies and verification were 

not conducted. 

 

 

 

5.3 Future work 

 

Although the objectives of this research study has been achieved, there are still other possible 

solutions to improve the performance of the proving ring as a force transducer even further. 

However, due to the limitations in time as well as resources in doing this thesis, other possible 

modifications can be made to the ring. The following are suggestions for future work to further 

improve the proving ring: 

 

1. Manufacture the prototype of the modified ring for further studies. 
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2. Optimization of the double proving ring design using the bi-directional evolutionary 

structural optimization code. 

3. Optimization of the double proving ring design using the ABAQUS TOSCA shape 

optimization code. 

4. Using the generalized reduced gradient code to optimize sensitivity based on each 

individual section instead of only at 0°. 
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