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IMPROVEMENT OF THE CALCULATION METHODOLOGY 

FOR ELASTIC ELEMENTS OF LOAD-CELL SENSORS 

USING THE FINITE ELEMENT METHOD 

Д. Медведєв, М. Матвійчук. Удосконалення методики розрахунку пружних елементів силовимірювальних датчиків 

методом скінченних елементів. Удосконалення методики розрахунку пружних елементів силовимірювальних датчиків методом 
скінченних елементів. Забезпечення високої точності розрахунку силовимірювальних датчиків і вагових систем є критичним 

завданням сучасного приладобудування. Це суттєве обмеження зумовлене ігноруванням геометричних особливостей об’єкта. У 

даній роботі запропоновано вдосконалену методику розрахунку реального пружного елемента силовимірювача, яка дозволяє 
ефективно подолати цей розрив за допомогою чисельного моделювання. Математично задача описується загальним матричним 

рівнянням статичної пружності, яке комплексно враховує геометрію еластомера та умови закріплення. Чисельна реалізація моделі 

виконана з використанням методу скінченних елементів у програмному комплексі ANSYS на базі десятивузлових просторових 
тетраедрів із квадратичною апроксимацією переміщень, що забезпечило високу точність розрахунків у зонах з великим градієнтом 

напружень. Результати моделювання показали, що конструкція має високу жорсткість, генеруючи мінімальні лінійні переміщення 

у ребрах жорсткості, що є необхідною умовою для стабільної роботи тензорезисторів та збереження лінійності вихідного сигналу. 
Головним науковим результатом є визначення повного просторового напружено-деформованого стану з фіксацією максимального 

еквівалентного напруження за Губером-Мізесом у зоні спряження циліндра з основою, що дозволяє гарантувати статичну міцність 

конструкції. Проведений аналіз продемонстрував суттєву нерівномірність розподілу напружень по висоті циліндричної частини, 
що підтверджує фізичну коректність розрахунку концентрації напружень. Розроблена методологія створює надійну основу для 

прецизійного проектування і модернізації пружних елементів силовимірювачів при зміні експлуатаційних навантажень, суттєво 

зменшуючи потребу у проведенні високовартісних натурних лабораторних випробувань. 
Ключові слова: метод скінченних елементів, напружено-деформований стан, пружний елемент, силовимірювач, еквівалентні 

напруження, геометрія конструкції 

D. Medvediev, M. Matviichuk. Improvement of the calculation methodology for elastic elements of load-cell sensors using the 

finite element method. Ensuring high accuracy in calibrating force-measuring sensors and weighing systems is a critical task in modern 

instrumentation. This significant limitation stems from the omission of the object’s geometric features. In this paper, an improved method for 
calculating the real elastic element of a force meter is proposed, which effectively overcomes this gap through numerical simulation. 

Mathematically, the problem is formulated as a general matrix equation for static elasticity that accounts for the elastomer’s geometry and 

clamping conditions. The numerical implementation of the model was performed using the finite element method in the ANSYS software 
package, based on ten-node spatial tetrahedra with a quadratic displacement approximation, ensuring high accuracy in regions with a large 

stress gradient. The simulation results showed that the structure has a high stiffness, generating minimal linear displacements in the stiffening 

ribs, which is a necessary condition for the stable operation of strain gauges and preserving the linearity of the output signal. The main 
scientific result is the determination of the full spatial stress-strain state by fixing the maximum equivalent stress at the Huber-Mises criterion 

in the contact zone between the cylinder and the base, thereby ensuring the structure’s static strength. The analysis demonstrated significant 

non-uniformity in the stress distribution along the height of the cylindrical part, confirming the physical correctness of the stress-
concentration calculation. The developed methodology provides a reliable basis for the precision design and modernization of elastic 

elements of force meters as operating loads change, significantly reducing the need for expensive full-scale laboratory testing. 

Keywords: finite element method, stress-strain state, elastic element, force meter, equivalent stress, structural geometry 

 

Introduction  

Ensuring high accuracy in force-measuring sensors and weighing systems is a critical task in 

modern instrumentation. The design and accuracy enhancement of such devices represent a highly rel-

evant research area, where traditional engineering approaches are increasingly giving way to computer 

modeling methods. This approach significantly reduces the costs of conducting expensive, full-scale 

laboratory testing of massive bodies to determine their parameters. 

Known methods of applied elasticity theory fail to provide sufficient accuracy when determining 

stresses in the plate and stiffening rib of a real elastic element. Classical analytical approaches ignore 

the geometric features of the object, failing to account for its actual spatial form, structural design fea-

tures, and the precise mechanism of load transfer from the external forces. In such simplified calcula-

tions, the plate is typically treated as a body of revolution with constant or linearly variable stiffness. 

Modern research demonstrates that the stress-strain state (SSS) can be determined using numerical 
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methods, particularly finite element analysis (FEA) with software suites such as ANSYS. However, 

the specific spatial geometry and non-uniform stress distribution within the elastic bodies of particular 

force sensor configurations still require further detailed investigation and optimization. 

Analysis of recent research and publications 

Known methods of applied elasticity theory do not provide sufficient accuracy when determining 

stresses in the plate and stiffening rib of a real elastic element. This is because classical analytical ap-

proaches do not account for the object’s actual shape, its structural design features, or the precise 

method by which external forces are transferred. In such simplified calculations, the plate is usually 

treated as a body of revolution with constant or linearly varying stiffness. Laboratory testing of mas-

sive bodies to determine their parameters is too expensive. Instead, modern research shows that deter-

mining the SSS can be achieved successfully using numerical methods, particularly finite element 

analysis. 

The design and enhancement of calculation accuracy in force-measuring sensors and weighing 

systems are highly relevant directions in modern instrumentation. Traditional engineering approaches 

are increasingly giving way to computer modeling methods, which significantly reduce the costs of 

conducting full-scale laboratory testing. One of the first successful examples of integrating numerical 

methods into the design process was the study [1], in which the modeling and shape optimization of an 

S-shaped load cell were performed using the ANSYS software suite, and the results were successfully 

verified using the photoelasticity method. 

An important place in research is occupied by the study of the physical and mechanical properties 

of the materials from which elastic elements are manufactured. In particular, significant scientific in-

terest lies in investigating inelastic effects in flexible elements of measuring devices made of Grade 2 

titanium, treated by electrical discharge machining (EDM) [2]. The use of finite element modeling 

(FEM) in such problems enables calculation of resulting stresses with high accuracy and accounts for 

drift effects when comparing different materials and hinge thicknesses. 

To accelerate design processes and minimize the experimental component, specialized multi-

criteria systems are being developed. In study [3], an efficient approach to the automated calculation 

of sensors with axisymmetric elastic elements based on the method of parametric space exploration 

was proposed. The application of finite element analysis (FEA) in this system enables not only the 

evaluation of the linearity of the output signal but also the determination of optimal zones for placing 

strain gauges on the component surface. 

A separate critical factor affecting the operation accuracy of cylindrical and column-type force-

measuring sensors is mechanical hysteresis. Research [4] shows that significant errors can arise from 

radial slippage at the contact interface between the elastic element and its support pads. Using the fi-

nite element method, the author successfully quantified this "contact" hysteresis, proving the substan-

tial influence of the friction coefficient and the geometric aspect ratio of the element dimensions on 

the overall measurement error. 

The current stage of development in measuring technology is characterized by a transition from 

single-component to complex multi-component systems. Thus, in study [5], a new monolithic six-

component sensor system was designed for the simultaneous measurement of cutting force compo-

nents and torques in metalworking. The optimal parameters of its elastic body were carefully deter-

mined through simulation-driven optimization and confirmed by the high linearity of the experimental 

prototype. In parallel, to minimize the mass of rectangular beam sensors without exceeding allowable 

stresses, study [6] applies parametric optimization using the Taguchi method within the HyperWorks 

environment. 

Alongside purely three-dimensional models of solid bodies, combined mathematical frameworks 

are developing in the mechanics of deformable solids. For instance, the authors of [7] developed an 

algorithm for the projection finite element method to solve integro-differential equations describing 

small deformations of singularly loaded cantilever beams on elastic supports. Numerical experiments 

demonstrated the rapid convergence of this method for one-dimensional static elasticity problems. 

Significant attention is paid to improving the dynamic characteristics and frequency response of 

sensors. By simulating the elastomer’s structural parameters in ANSYS and modeling the transfer 

function in MATLAB, study [8] increased the sensor’s natural frequency by 1.82%, substantially im-

proving its dynamic performance. To suppress harmful low-frequency vibrations and increase the dy-

namic accuracy of weighing systems, study [9] developed a three-dimensional model of a beam sensor 
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with an integrated viscoelastic rubber damper and evaluated its effectiveness using the finite element 

method. 

In addition, to optimize the geometric parameters of the sensing elements of weighing sensors to 

increase their sensitivity and protect them from ambient noise, study [10] introduced an enhanced 

mayfly algorithm incorporating chaotic Chebyshev mapping and a Lévy flight mutation strategy. The 

maximum material strain was used as the objective function under strict strength constraints, thereby 

establishing a reliable theoretical basis for the precision design of elastomers. 

In recent years, an active search for new structural solutions for the application of sensors in bi-

omedicine and robotics has been underway. In study [11], an innovative, flexible, six-axis force-and-

torque sensor made of soft materials was developed to monitor manual therapy procedures. Thanks to 

calibration with deep neural networks, this sensor demonstrated minimal error (up to 0.751%) and a 

high ability to distinguish subtle variations in force. 

To eliminate undesirable dynamic effects and transient delays occurring in commercial meas-

urement filters of industrial robotics, the authors of [12] proposed a method using parametric filters 

with time-varying characteristics. Experimental verification showed that this approach significantly 

reduces transient durations when establishing robot contact with a rigid environment. 

To minimize crosstalk and measurement non-linearity in high-precision devices, article [13] pre-

sented a comprehensive design methodology for capacitive six-axis force sensors. The concept devel-

oped by the authors combines global optimization algorithms for geometric variables with detailed 

finite element analysis, enabling the creation of a prototype with ultra-low channel crosstalk (0.682%) 

and high overall accuracy. 

Finally, the issue of developing specialized software and hardware for data acquisition and signal 

processing from force sensors is addressed in the study [14], where the authors describe the architec-

ture of an information-measuring system based on strain-gauge modules and data-filtering algorithms. 

Thus, the analysis shows that the finite element method, combined with modern software suites 

(such as ANSYS), is a fundamental and highly reliable tool for investigating the complex three-

dimensional stress-strain state of elastic elements in force-measuring systems. However, the specific 

spatial geometry and the non-uniform stress distribution in the elastic bodies of particular force sensor 

configurations still require further detailed study and optimization. 

Despite numerous studies, the problem of accounting for the real spatial SSS of complex-shaped 

elastomers to improve calculation accuracy remains open. 

The purpose and objectives of the research 

The aim of this work is to increase the accuracy of the calculation and design of force-measuring 

device structures by introducing a refined three-dimensional methodology for assessing their SSS. To 

achieve this goal, the task was set to construct an adequate geometric and finite-element model of the 

object in the ANSYS software suite and to calculate the displacement parameters and equivalent 

stresses under the applied load. 

To achieve this goal, the following tasks were formulated: 

– to evaluate the shortcomings of classical analytical methods that fail to account for the real spa-

tial shape of the elastic element; 

– to construct an accurate three-dimensional geometric model of the component based on the ini-

tial engineering data; 

– to perform preprocessing preparation in ANSYS, justifying the choice of finite element type 

and generating an optimal mesh; 

– to formulate and apply boundary conditions (constraints) and static loads corresponding to the 

real operating conditions of the device; 

– to conduct numerical modeling and determine the arrays of displacements and equivalent 

stresses in characteristic cross-sections of the structure; 

– to evaluate the uniformity of stress distribution, verify the strength of the sensor elements, and 

compare the results with the engineering methodology. 

Materials and methods of the research 

This study is necessary to refine engineering calculations. During the design development of pre-

vious elastic element models, there was no sufficiently reliable and clear methodology for calculating 

three-dimensional components, such as the configuration of the force sensor’s elastic element (Fig. 1). 
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Fig. 1 presents the general view of the investigated force 

sensor’s elastic element. In classical analytical calculations, sim-

ilar components are often treated in a simplified form as ax-

isymmetric bodies of revolution. However, in real structures, the 

ideal axial symmetry is disrupted by a number of structural and 

operational features.  

First, the geometry of the elastomer features discrete 

grooves and stiffening ribs, which act as significant stress con-

centrators and preclude reducing the problem to a two-

dimensional plane. Second, the real mechanism of load transfer 

from external forces and the clamping conditions on the sup-

porting surfaces is spatially localized, leading to an asymmetric 

distribution of the SSS along the perimeter of the component.  

Accounting for these geometric factors (grooves, stiffening 

ribs, transition fillet radii) and the asymmetry of load application 

requires the exclusive use of three-dimensional (3D) spatial 

modeling. That is why, for the numerical implementation of the 

finite element method, spatial 10-node isoparametric finite elements, SOLID 92, were used in this 

work, which allow the complex spatial configuration of the object to be approximated with high accu-

racy. 

Having considered various methods for investigating the SSS of massive bodies, including high-

cost laboratory testing, it was concluded that SSS parameters can be determined successfully using the 

finite element method (FEM) implemented in the modern finite element software suite ANSYS. 

It is well known that determining the stresses in the plate and the stiffening rib of a real elastic el-

ement using traditional methods of applied elasticity theory is insufficiently accurate. This is because 

classical analytical approaches do not account for the object’s actual spatial geometry, its structural 

design features (such as transition fillets and grooves), or the actual mechanism of load transfer under 

external forces. In such simplified calculations, the plate is usually treated as a simplified body of rev-

olution with constant or linearly variable stiffness. 

The initial data for the numerical modeling and calculation of the force sensor’s elastic element 

(material elastic constants: shear modulus G , longitudinal elasticity modulus (young’s modulus) E , 

Poisson’s ratio  , as well as external force vectors) were assumed to be identical to the baseline engi-

neering calculation [15]. 

The mathematical formulation of the problem within the ANSYS environment is based on solv-

ing the general matrix equation of static elasticity for a discretized body: 

 [ ] { } { },K U F =  (1) 

where: [ ]K  – is the global stiffness matrix of the discretized structure; 

{ }U  – is the vector of unknown nodal displacements; 

{ }F  – is the vector of equivalent nodal loads. 

To solve this physical problem numerically, an accurate geometric model of the component was 

first constructed. The generation procedure for the finite element mesh of nodes and elements consist-

ed of three main stages: 

1. Defining element types and their options. In this problem, to adequately represent the object’s 

curvilinear geometry, a three-dimensional tetrahedral element, SOLID 92 with 10 nodes, was selected 

(Fig. 2). Each node of this element has three degrees of freedom-displacements along the global coor-

dinate axes , ,x y z . Quadratic approximation of displacements within the element enables high-

accuracy modeling of regions with steep stress gradients and complex boundary shapes. 

The constructed finite element mesh of the elastic element (Fig. 2) contains 45.320 elements and 

78.410 nodes. Since each node has three degrees of freedom, the total number of unknowns determin-

ing the order of the system of matrix equations of static elasticity (the problem dimensionality) is 

235.230. The numerical solution of the resulting system of high-order linear algebraic equations was 

performed in the ANSYS environment using the Sparse Direct Solver, which guarantees high accuracy 

in computing local stress fields without accumulating iteration errors. 

 

Fig. 1. General view of the elastic 

element 
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The adequacy of the finite element modeling results di-

rectly depends on the correct definition of boundary condi-

tions and external loads. Boundary conditions (kinematic con-

straints) were specified by rigidly clamping the bottom sup-

porting surface of the elastic element. For all nodes on this 

surface, linear displacements along the global axes were set to 

zero (ux = uy = uz = 0), simulating the sensor’s mounting on a 

rigid, non-deformable base. The operating static load was 

modeled by applying a concentrated force of 50 kN to the 

center point of the upper force-receiving surface of the elastic 

element. The force vector was directed parallel to its longitu-

dinal axis. According to Saint-Venant’s principle, the local 

nature of such load application affects the stress state only in 

the immediate vicinity of the point of application and does not 

distort the overall pattern of stress and strain distribution in the sensor’s operating (strain-gauge) 

zones. 

2. Setting mesh generation control modes (mesh optimization). This stage is not mandatory for 

manual step-by-step programming, as minimal control and adaptive verification of element geometry 

(aspect ratios, corner angles) are performed by default by the ANSYS program algorithms (SmartSiz-

ing). 

3. Mesh generation. When creating the finite element model, the Free Mesh method was used to 

generate tetrahedral elements, with mesh refinement applied in zones of expected stress concentration 

(at the transitions between the cylindrical section and the plate). 

To evaluate structural strength using nodal displacement calculations, the program determined 

the components of the strain tensor, from which the principal stresses were computed. The equivalent 

stresses according to the fourth energetic strength theory (the Huber-von Mises-Hencky hypothesis) 

were chosen as the criterion for three-dimensional strength: 

 2 2 2

eq 1 2 2 3 3 1

1
( ) ( ) ( ) .

2
  =  − +  − +  −   (2) 

The strength condition for the force sensor’s elastic element takes the following form: 

 eq [ ],    (3) 

where: [ ]  – is the allowable stress for the material from which the sensor’s elastomer is manufac-

tured. 

Research results 

In the ANSYS software suite, post-processing was performed immediately after the completion of 

the preprocessing phases (finite element mesh 

generation and application of constraints) and 

the numerical solution of the resulting linear 

system of equations for the FEM. The calcula-

tion results include comprehensive arrays of 

nodal displacements, linear strains, and stress 

tensor components for each SOLID 92 finite 

element. The outcome of the software suite’s 

operation at the post-processing stage is an 

interactive graphical representation (contour 

plots of parameter distributions) and a tabular 

representation of the results. Visualization of 

geometric deformations allows for assessing 

the overall behavior of the elastic element un-

der the action of the applied external force. 

The graphical representation of the vertical 

displacement field (along the z -axis) is 

shown in Fig. 3.  

 

Fig. 2. Finite element model with 

boundary conditions 

 

Fig. 3. Vertical displacements in the force sensor’s elastic 

element 
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As the analysis of displacement contour 

plots shows, the maximum deformations are 

concentrated in the upper flat part of the plate 

and the stiffening ribs, where peak linear devia-

tions are recorded. The calculated displacement 

values at the characteristic points of the stiffen-

ing rib are 0.0549x = µm and 0.04019y =  

µm (Table 1). Such a small displacement mag-

nitude indicates high structural stiffness, an im-

portant prerequisite for ensuring the linearity of 

the force sensor’s static characteristic. 

The next stage of the analysis is the 

strength evaluation based on the equivalent 

stress fields calculated according to the Huber-

von Mises energetic theory (Fig. 4). 

Analysis of the obtained stress state shows 

that the stress distribution throughout the com-

ponent volume is substantially non-uniform. The 

cylindrical part of the elastic element proved to be the most heavily loaded. According to the calcula-

tions, the principal stresses in the concentration zones reach values of 
1 66.211 =  MPa, 

2 54.591 =  

MPa, and 
3 169.2 =  MPa. 

The summarized maximum values of the SSS parameters of the elastic element in its most critical 

cross-sections are presented in detail in Table 1. 

Table 1 

Maximum values of the stress-strain state parameters of the elastic element in characteristic cross-sections 

No. SSS Parameter Value Localization (Location) 
1 Displacement along the X -axis ( ), mx   0.0549 stiffening rib 

2 Displacement along the Y -axis ( ), my   0.04019 stiffening rib 

3 Principal stress 1 , MPa 66.211 cylindrical section 

4 Principal stress 2 , MPa 54.591 cylindrical section 

5 Principal stress 3 , MPa 169.2 cylindrical section 

6 Equivalent stress 
eq1 , MPa 78.571 cylindrical section 

7 Equivalent stress 
eq2 , MPa −124.83 cylindrical section 

8 Maximum equivalent stress max , MPa 235.665 cylindrical section 

 

A detailed analysis of the equivalent stresses shows that local fluctuations ranging from 

eq1 78.571 =  MPa to compressive stresses of eq2 124.83 = −  MPa are observed in the cylindrical sec-

tion. The peak equivalent stress reaches 
max 235.665 =  MPa and is recorded in the junction zone be-

tween the cylinder and the base (the fillet transition). 

Since the obtained maximum value 
max 235.665 =  MPa does not exceed the yield strength of 

structural steels typically used for manufacturing sensor elastomers – for instance, for 34CrMo4 EN or 

41Cr4 EN (DIN) steel, where 
T 600 800    MPa – then according to the strength criterion: 

 
max [ ],     

the static strength and operational reliability of the force sensor structure under development are con-

sidered fully ensured. At the same time, the revealed non-uniformity of the stress distribution along 

the height of the cylindrical section indicates the need to further optimize the transition fillet radii to 

reduce stress concentrations. 

 

Fig. 4. Equivalent stresses according to the Huber-von 

Mises hypothesis 
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Conclusions 

The numerical modeling enabled a comprehensive evaluation of the structure’s spatial stress-

strain state and confirmed the high efficiency of modern CAD/CAE systems in the design of force-

measuring devices. 

1. It is proven that finite element modeling within the ANSYS environment, in contrast to classi-

cal analytical methods, ensures an accurate calculation of complex-profile three-dimensional compo-

nents due to the full consideration of their real geometry and loading conditions. 

2. It is established that the strength of the plate and the cylindrical section of the structure is fully 

ensured. The maximum Huber-von Mises equivalent stress is 
max 235.665 =  MPa (localized in the 

junction zone between the cylinder and the base), which does not exceed the allowable values for 

structural steels 
max [ ]   . 

3. A significant non-uniformity of the stress state along the height of the cylinder was revealed, 

ranging from 78.571 MPa to −124.83 MPa. This indicates the presence of stress concentrators and de-

fines the direction for further optimization of the transition fillet radii to homogenize the stress fields. 

4. The obtained minimal values of linear displacements in the stiffening ribs ( 0.0549x =  µm, 

$\Delta 0.04019y =  µm) demonstrate the high stiffness of the elastomer, which is a necessary condi-

tion for maintaining the linearity of the sensor’s output signal. 

5. The proposed refined calculation methodology enables efficient modernization of the force 

sensors’ elastic elements when operational loads change, significantly reducing the need for expensive 

full-scale laboratory testing. 

A promising direction for further research is to conduct modal and harmonic analyses to evaluate 

the dynamic characteristics, natural frequencies, and the elastomer’s resistance to vibrational loads, 

since this study focuses on static elasticity. 
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