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IMPROVEMENT OF THE CALCULATION METHODOLOGY
FOR ELASTIC ELEMENTS OF LOAD-CELL SENSORS
USING THE FINITE ELEMENT METHOD

. Meoseoes, M. Mamsitiuyk. YI0CKOHAJEHHS] METOIMKH PO3PaXyHKY NPY’KHUX eJeMEHTIiB CHI0BHMIPIOBAJbHHX NaTYMKIB
METO0M CKiHYEHHHX eJeMeHTIB. Y JOCKOHAJICHHS METOAUKH PO3PaxXyHKY IPYXKHUX EJIEMEHTIB CHJIOBUMIPIOBAIBGHUX JTAaTYUKIB METOIOM
CKIHYEHHUX eJEeMEHTIiB. 3a0e3eueHHs BHCOKOI TOYHOCTI PO3pPaxyHKYy CHIOBUMIPIOBAJIBGHHX IATYHMKIB i BaroBHX CHCTEM € KPUTHIHHM
3aBIaHHAM Cy4YacHOro mpmiamoOymyBanus. Lle cyTTeBe 0OMekeHHs 3yMOBJIEHE IrHOPYBAHHSM I€OMETPUYHHX OCOOIMBOCTEH 06’ekTa. Y
naHiii poOOTi 3alpONOHOBAHO BIOCKOHAJIEHY METOIMKY PO3PaxyHKY pEaJbHOrO IPYXKHOIO €IeMEHTa CHIOBHMIpIOBAaYa, sKa JI03BOJISE
e(eKTHBHO MOJONATH LEeil PO3pUB 3a JOIOMOIO YHCEIHHOTO MOJCIIOBAHHS. MaTeMaTHYHO 3a[ada OMKMCYEThCS 3aralbHHUM MaTPHYHHM
PIBHSHHSIM CTATUYHOI MPYXKHOCTI, SIKe KOMILUIEKCHO BPaxoBy€ F€OMETPIIO enactomepa Ta yMOBHU 3akpimuieHHs. YucenpHa pearisaris Moaesni
BHKOHAHA 3 BHKOPHCTaHHSM METOIy CKiHYCHHHX €JIEMEHTIB y mporpamHoMmy komiurekci ANSYS Ha 6a3i ZecsTHBY3IOBHX HPOCTOPOBHX
TeTpae/piB i3 KBaIPaTHYHO allPOKCHMALIIEI0 MEPEMIIEHb, 0 3a0e3MeYnIo BUCOKY TOYHICTh PO3PaXyHKIB y 30HaX 3 BEJIMKHM IPaIiEHTOM
HAMpy»XeHb. Pe3ybTaT MOCTIOBAHHS MMOKA3aJIHd, 0 KOHCTPYKIIS Ma€ BUCOKY JKOPCTKICTh, TEHEPYIOYH MiHIMaIbHI JiHIAHI epEeMilleHHs
y pedpax >KOpCTKOCTI, [0 € HEOOXiTHOI0 YMOBOIO IS CTablIbHOI POOOTH TEH30PE3UCTOPIB Ta 30epexueHH s JIHITHOCTI BUXiJHOTO CUTHAIY.
T'0JI0BHUM HAYKOBUM DPE3yJIbTaTOM € BU3HAYCHHSI MOBHOTO HPOCTOPOBOTO HAIMPYXXEHO-1e(hOPMOBAHOTO CTaHy 3 (iKCALIEI0 MaKCHMAILHOTO
€KBIBAJICHTHOTO HANpyxKeHHs 3a ['ybepoM-MizecoM y 30HI COpsDKEHHS LHUTIHAPA 3 OCHOBOIO, IO JI03BOJISIE TAPAHTYBATH CTATHYHY MIiL[HICTH
KoHCTpyKIii. IIpoBeneHuii aHaIi3 NPOJEMOHCTPYBAB CyTTEBY HEPIBHOMIPHICTh PO3IOJILY HANpyXKeHb MO BHCOTI LMIIHAPHIHOI YaCTHHH,
IO MiATBEpXKYy€e (Pi3MYHY KOPEKTHICTh PO3paxyHKY KOHIIEHTpAILii Hampy>KeHb. Po3po0seHa METOMO0JIOTisS CTBOPIOE HAJiiiHy OCHOBY JUIS
MPEeUU3iHHOr0 MPOCKTYBAHHS 1 MOJEpHi3alii NPY)KHUX EIEMEHTIB CHJIOBUMIPIOBAYiB MPH 3MiHi eKCIUTyaTALliHHUX HABAHTA)KEHb, CYTTEBO
3MEHIIYIOYH N0TpeOy y NPOBEICHHI BUCOKOBAPTICHIX HATYPHUX J1a00PAaTOPHHUX BUIPOOYBAHb.

Knouosi cnoea: MeTosl CKIHUCHHHX €JIEMEHTIB, HANpy>KeHO-Ie(h)OpMOBaHHUIT cTaH, IPYKHUII €IeMEHT, CHIIOBUMIPIOBaY, eKBiBAJICHTHI
HAMPYKEHHsI, FEOMETPisl KOHCTPYKIIT

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

Fig. 1. General view of the elastic ribs, transition fillet radii) and the asymmetry of load application

element 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 v, 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}, M

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 axesx,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 ANSY'S environment using the Sparse Direct Solver, which guarantees high accuracy
in computing local stress fields without accumulating iteration errors.
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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, = u. = 0), simulating the sensor’s mounting on a
rigid, non-deformable base. The operating static load was RO T IRITR Bl
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:

NS
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Fig. 2. Finite element model with
boundary conditions
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The strength condition for the force sensor’s elastic element takes the following form:
o, <[ol, 3)

where: [c] — 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.
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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 | we: scueson AN~ A
concentrated in the upper flat part of the plate | == Tl
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 Ax=0.0549 um and Ay =0.04019

um (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 o, =66.211 MPa, o, =54.591

MPa, and &, =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.

23.24 180.979 338.718 49€.458 €54.157
102.11 255.845 417.588 5$75.327 733.0€7

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

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 (Ax),pm 0.0549 stiffening rib

2 Displacement along the Y -axis (Ay),um 0.04019 stiffening rib

3 Principal stress ©,, MPa 66.211 cylindrical section
4 Principal stress G,, MPa 54.591 cylindrical section
5 Principal stress o, , MPa 169.2 cylindrical section
6 Equivalent stress o, , MPa 78.571 cylindrical section
7 Equivalent stress c,,,, MPa —124.83 cylindrical section
8 Maximum equivalent stress o, , MPa 235.665 cylindrical section

A detailed analysis of the equivalent stresses shows that local fluctuations ranging from
Gy = 78.571 MPa to compressive stresses of ., =—124.83 MPa are observed in the cylindrical sec-

tion. The peak equivalent stress reaches o, =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 o, =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 o, >600...800 MPa — then according to the strength criterion:

Gmax S [G]Q

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.
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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 o, =235.665 MPa (localized in the

junction zone between the cylinder and the base), which does not exceed the allowable values for
structural steels ¢, <[c].

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 ( Ax =0.0549 pm,
$\Delta Ay =0.04019 pum) 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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