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Abstract: The load cell is an indispensable component of many engineering machinery and industrial
automation for measuring and sensing force and torque. This paper describes the design and analysis
of the strain gauge load cell, from the conceptional design stage to shape optimization (based on the
finite element method (FEM) technique) and calibration, providing ample load capacity with low-cost
material (aluminum 6061) and highly accurate force measurement. The amplifier circuit of the half
Wheatstone bridge configuration with two strain gauges was implemented experimentally with an
actual load cell prototype. The calibration test was conducted to evaluate the load cell characteristics
and derive the governing equation for sensing the unknown load depending on the measured output
voltage. The measured sensitivity of the load cell is approximately 15 mV/N and 446.8 µV/V at
a maximum applied load of 30 kg. The findings are supported by FEM results and experiments
with an acceptable percentage of errors, which revealed an overall error of 6% in the worst situation.
Therefore, the proposed load cell meets the design considerations for axial force measurement for the
laboratory test bench, which has a light weight of 20 g and a maximum axial force capacity of 300 N
with good sensor characteristics.

Keywords: strain gauge; load cell; machine design; axial force measurement; shape optimization;
finite element method (FEM); Wheatstone bridge; amplifier circuit

1. Introduction

For decades, experimental solid mechanics and, more broadly, industry and engineer-
ing applications have faced a critical need for reliable and high-throughput measurement of
forces and moments [1]. Load cells, commonly referred to as force transducers, are consid-
ered accurate force-measuring devices. They have a range of industrial uses in addition to
scientific and technological research and development [2]. Load cells have been providing
quality measurements in robotics and automation [3–5], agriculture [6,7], medicine [8–10],
industrial weighing [11,12], and many other applications for decades [13–22]. The load
cell can also be used to gauge the interference force in wearable robotic applications (such
as exoskeletons and prostheses) or to detect the comparison force as the robot walks to
provide information to the stable-controlling system [23–27]. Due to the wide range of
potential applications, load cells are crucial.

Physical force testing prototypes and products are essential in product development
and research. Axial force testing is used, for example, in the validation and approval of
products in the product development process and the parameterization and verification of
models and simulations. It also generates knowledge and findings in product development
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and research [28]. Load cells were utilized to determine the axial force integrated with the
test bench for laboratory measurement. Many examples can be found on axial force test
benches based on the load cell, such as the syringe test stand, catheter track force test, wire
bond testing, spring testing systems, medical valve sensors (TAVR fatigue testing), and
prosthetic hip fatigue testing. In addition, thrust (axial) force measurements can be found
in rocket propellant systems and underwater vehicles [29,30]. For example, the work in [29]
suggests new tension and compression test tools that prevent fluctuation of the measured
force of specimen deformation during hardening behaviors for sheet metal forming and
spring-back in the automotive industry. The main idea behind the novel device is to attach
the load cell between the specimen mount and the test device’s fixed jig regardless of jig
vibration. The load cell inside the novel test apparatus can therefore be used to quantify
the axial force of a specimen during deformation.

In another work [30], a low-cost physical test bench is modified to identify the thruster
parameters for underwater vehicle applications. To prevent the need to seal the sensor, the
load cell is placed out of the water on the test bench, which comprises a water tank and
a thruster. On Wheatstone bridge measurement and amplifier equipment, a strain gauge
load cell is employed in a test bench to determine the thrust force component.

During vehicle durability tests on the testing ground, significant design revisions
should be conducted on the vehicle or engine body when utilizing the standard multi-axial
load cell for the road load identification system of the engine mount. Engine mounts
connect the internal combustion engines on the vehicle structure. For a feasible solution
without any adjustment to vehicle design, a custom multi-axial load cell has been designed
for a BCar I4 engine to measure forces and moments on the engine mount. The measured
data can be used further for fatigue life estimation [31].

The slotted flanges combined with load cells are designed and validated experimen-
tally to measure a V-band clamp’s axial and radial force distribution, using the Abaqus
software’s finite element analysis (FEA) for the design and analysis [32]. In addition, a
novel micro-fabricated resonant load cell with an external displacement actuator has been
designed and integrated into a hybrid micro-mechanical test bench for the mechanical
characterization of small-scale models [33]. Another study [34] presented and experimen-
tally tested different designs of load cells for mini tensile stress measurement for a smaller
specimen to obtain the mechanical characteristic.

Under various loading circumstances and varying environmental conditions, the axial
force is measured with load cells. Presently, strain test-centered load cells are used to
measure most axial forces. These load cells have two ends, one of which can be attached to
a solid, sturdy structure and the other carrying the load [35]. The load cells based on strain
measures have extremely sensitive gauging capabilities. A proportion of the total capacity
can be used to calculate the load cell’s precision. The use of strain measures is essential for
obtaining an output that is proportionate to the applied force. These strain measures are
fastened to related elastic body parts [35].

The load cell’s performance is principally determined by the dimensions and shape of
its elastic composition [36]. Several requirements, including mass, strain, and stress, must
be met while creating a load cell [35]. Numerous specialists and academics [1,2,35–40] have
proposed numerous logical designs for the elastic structures of force sensors and produced
positive practical outcomes [36]. Nevertheless, the majority of the weighing load sector is
searching for load cells that are compact, robust, and environmentally resistant. These days,
new and sophisticated approaches are being developed to accomplish this, which is made
possible by combining a numerical simulation method with an optimization strategy. The
current product will be altered as a result. There is a huge rise in computer and numerical
simulation when finite element analysis is used [35]. Hence, our work has introduced more
robust and successful computer simulation-based procedures.

Typically, researchers and engineers intend to purchase a commercial load cell device
and its completed amplifier circuit with DAQ signal for their laboratory test bench without
prior knowledge of designing, manufacturing, and testing a customized strain gauge load
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for their particular application. Then, they attempt to install the load cell with adjustments
to meet their specific application requirements in size, shape, dimension, and force range
capacity. Moreover, it is unreasonable to be obliged to consider the features and properties
of commercial load cells when designing particular laboratory test benches. Instead, the
force test benches can be designed based on desirable features and properties integrated
with custom load cells. However, it is relatively rare in the literature on the design,
customization, shape optimization, instrumentation, calibration, and experimental testing
of load cells to find them together in one work. The improvement in load cells designed
to have an elastic structure could meet application measurement requirements during the
consideration and optimization of the elastic body.

This paper’s main aim was to facilize customization of strain gauge load cell based on
the desired characteristic during the axial force tests on the proving ground. The proposed
study of the load cell can assist in eliminating undesired design and specification revisions
for the specimen or test bench and provide excellent sensor characteristics for the load
cell. Consequently, it is vital to present the feasibility of designing and customizing the
force load cell according to the criteria for static performance. This work introduces the
design and analysis of strain gauge load cells that provide medium axial load capacity,
low cost, and small size with high-accuracy measurement for laboratory test benches.
First, the overall concept is proposed for the load cell configuration, and the amplifier
instrumentation and strain gauge are illustrated. Then, the mathematical model and design
considerations for the proposed load cell are clarified. The stress–strain analysis based on
the FEM technique was conducted to find the optimal dimensions for the load cell’s shape
for a given rating load that maximizes the sensor sensitivity. The strain gauge load cell
was fabricated with two embedded strain gauges. Following this, the proposed load cell
was characterized experimentally. The calibration was carried out by applying a known
load and measuring the resulting voltage to derive the load cell’s governing equation and
validate the usefulness of the proposed customized load cell for the laboratory test bench.

2. Design Concept and Electronic System of the Load Cell
2.1. Prototype Configuration

The load cell structure in this study was optimized and designed based on the con-
ceptual structure [41], as demonstrated in Figure 1. The load cell structure comprises a
metal block with a single hole, a small slot, two strain gauges, a load application point, and
a mounting point. The metal body is drilled with a single hole in the center and a small
slot on the side to generate bending strain on the beam bridge. As shown in Figure 1, the
active strain gauge is fixed on the surface side of the load cell body where the beam bridge
is located. The axial force is applied and concentrated on the load application point at the
thrust (perpendicular) axis. The bottom part of the load cell body is mounted to the ground
through one bolt at the mounting point.

Figure 1. Structure of the load cell.
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2.2. Working Principles

A load cell is employed in an electromechanical tool (transducer) to transform a force
into an electrical signal. This indirect conversion procedure is divided into two steps. The
applied force can be sensed by deforming the strain gauge with a suitable mechanism
structure. A strain gauge is a small electrical device showing resistance changes when
strained. Then, the strain gauge converts the slight change in resistance into electrical
signals using an electrical circuit known as a Wheatstone bridge. The output voltage from
the bridge circuit is typically millivolts, which needs increment by a device amplifier.

The overall working concept of the proposed load cell is similar to that of the bending
beam type. The applied force on the load cell body mainly causes bending stress on the
beam bridge with a linear relationship, as presented in Figure 1. The beam bridge is the
main structural element of the load cell, along with the slot. This element is designed to
develop a strain directly proportional to the applied load. On the other hand, the load cell
structure plays an essential role in generating desirable deflection related to the applied
load. This slot attempts to close slightly as the whole body bends a minimal amount.
Ultimately, the strain corresponds linearly to the stress of the bridge beam by the load cell
material’s elastic modulus (E). The strain gauge is attached to the surface of the load cell
body nearest to the bridge beam for accurate strain measurement.

2.3. Wheatstone Bridge Circuit

The simplest electrical bridge circuit that can measure resistance, inductance, and
capacitance is the Wheatstone bridge. A Wheatstone bridge structure can be considered
two ballast circuits coupled so that the initial stable-state voltages cancel out when the
output voltage e is measured (R1, R2, and R3, R4). Figure 2 shows the general Wheatstone
bridge, which has four resistive arms and an excitation voltage, Eex, applied across it [42].
The output voltage of the bridge, e, will be equivalent to [42]:

e =
[

R3

(R3 + R4)
− R2

(R1 + R2)

]
Eex (1)

Figure 2. Wheatstone bridge circuit.

This equation shows that when R1/R2 = R4/R3, the voltage output e will be zero.
A balancing bridge is known as such a configuration in these conditions. However, any
minor alterations in resistance in any arm of the bridge can result in a non-zero output
voltage [39].

With a voltage or current excitation source, strain measures are constantly employed in
a bridge configuration. The strain scales are coupled in a Wheatstone bridge configuration
to transform the tiny change in resistance into a functional electrical signal. Quarter-bridge,
half-bridge, and full-bridge are the three different strain gauge configurations. The type of
bridge configuration with a strain gauge in a Wheatstone bridge depends on how many
active component legs are present [39].

The gauge factor is a quantitative expression of the strain gauge’s essential property
known as sensitivity to strain (GF). The gauge factor is described as the proportion of the
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fractional transformation in length (strain) to the fractional shift in electrical resistance [42]:

GF =
∆R/Rg

∆L/L
=

∆R/Rg

ε
(2)

Any variation in the strain gauge resistance will reduce the bridge’s stability and result
in an output voltage that is not zero. If the minimal resistance of the strain gauge is defined
as Rg, then the strain-generated variation in resistance, ∆R, can be stated as [42]:

∆R = ε ∗ Rg ∗ GF (3)

The proposed load cell in this study adopted a half-bridge system with a single active
strain gauge component and one passive strain gauge (dummy gauge), a temperature-
sensing bridge element (dummy gauge), as shown in Figure 3. The strain gauge configu-
ration is displayed in Figure 4, where the active gauge (Rg + ∆R) is placed on the bridge
beam of the load cell. In contrast, the passive gauge (dummy) is located on the mounting
surface to sense the environmental temperature. The effects of temperature variation are
minimized, and the circuit will experience slight temperature-encouraged measurement
error because both strain gauges will either increase or reduce resistance by a similar
percentage in response to alterations in temperature (the voltage and the resistance ratio do
not change) [43].

Figure 3. Half-Wheatstone bridge configuration.

Figure 4. Configuration placement of active and passive strain gauges.

2.4. Amplifier Circuit

The amplifier circuit works to amplify the output electrical signal of the Wheatstone
bridge (a few millivolts) to provide a measurable output voltage with accurate data. Figure 5
reveals an electrical diagram of the amplifier circuit with the Wheatstone bridge that is used
in integration with the load cell. As can be seen, the active strain gauge (Rg + ∆R), passive
(dummy) strain gauge (Rg, inactive), one variable resistor (Rv, potentiometer), and fixed
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resistor (R) are organized in a Wheatstone bridge structure. In this, the variable resistor
works to balance the bridge and enhance the accuracy of the measurements.

Figure 5. Strain gauge amplifier circuit.

According to Figure 5, the bridge’s output voltage is linked to the amplifier chip’s
+IN and -IN terminals, and a digital multimeter is used to measure the output voltage of
the amplifier circuit (OUT and REF). The circuit employs two 9 V batteries for the power
deliveries and 5 V voltage regulators to supply the voltage inputs to the amplifier chip. A
single DPST switch controls the circuit’s voltage. Finally, two capacitors are connected to
the positive and negative voltage supplied to the amplifier chip.

The amplifier chip of INA818 (high-precision instrumentation amplifier, Texas In-
struments Incorporated, Dallas, TX, USA) is used in the amplifier circuit as it is a known
high-precision differential amplifier for low input voltage with low power consumption
and runs over a broad array of single supplies. The INA818 provides a high common-
mode rejection ratio. Due to its super-beta input transistors, the INA818 offers remarkably
low input offset voltage, offset voltage drift, input bias current, and current noise. The
INA818 can attain 1 to 10,000 times via an external gain resistor (RG) producing small
signal amplification [44]. Therefore, in this paper, the output signal was amplified (G) by
2001 times, and the gain resistance (RG) was computed based on the datasheet of INA818,
as illustrated in the next section.

Selection of Gain Resistance (RG)

The voltage amplification factor (amplifier gain, G) is determined based on the value
of the gain resistor (RG) of the amplifier chip. The appropriate amplifier gain (G) value
depends mainly on the load cell specification design. The relation between the amplifier
gain G and fixed gain resistor RG can be adopted from the INA818 Amplifier datasheet and
can be expressed as [44]:

RG =
50 kΩ
G − 1

(4)

Amplifier gain (G) can be measured by [44]:

G =
Vo

e
(5)
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where Vo is the preferred output voltage of the amplifier (4.7 V) and e is the output voltage
of the Wheatstone bridge circuit (inputted to the amplifier). The value of e can be calculated
by [42]:

e =
GF
4

(ε1 − ε2 + ε3 − ε4) Eex (6)

where ε1, ε2, ε3, and ε4 are the values of the strain of each gauge, and Eex is the excitation
voltage source.

Since the proposed load cell has only one active gauge ε1 = ε, the strains ε2, ε3, and
ε4 are always zero. Then, the value of e can be expressed as:

e =
GF
4

(ε) ∗ Eex (7)

where ε can be obtained from the FEM strain results or theoretical strain of the load cell, and
the gauge factor (GF) is a constant value extracted from the used strain gauge datasheet [45].

In addition, the strain of the load cell ε can be expressed directly to the output voltage
VO by the equation:

ε =
4 ∗ VO

GF ∗ Eex ∗ G
(8)

3. Shape Design of the Load Cell
3.1. Mathematical Model of the Load Cell Unit

The proposed load cell is subjected to combined bending and axial stresses, and these
stresses are located on the bridge beam part where the strain gauge is mounted. However,
the bending stress effect is the dominant component and has a linear relationship with
the applied force. Figure 6 schematically shows the geometry parameters of the load cell
structure. The load cell is primarily subjected to bending when the external load is applied.
Therefore, it is modeled as a beam whose bottom end is fixed to a rigid base, and load is
applied on the free side. The applied force is evenly distributed throughout the whole body.
The equation describing the maximum bending stress of the load cell can be written by [41]:

σmax =

4 F
[

3 b
2 (c− D

2 )
− 1

]
t
(

c − D
2

) (9)

where F is the applied force to the load cell, t is the thickness of the load cell, D is the hole
diameter, c is the hole location, and b is the location of the applied force.

Figure 6. Geometry of the load cell structure.



Sensors 2022, 22, 7508 8 of 19

The maximum strain is related to the load cell’s applied force and material property in
Young’s modulus (E). It can be expressed as [41]:

εmax =

4 F
[

3 b
2 (c− D

2 )
− 1

]
E t

(
c − D

2

) (10)

The strain is inversely correlated with the body thickness (t) and the elastic modulus
(E) and is linearly proportionate to the exerted load.

3.2. Design Considerations

The load cell was developed for initial laboratory bench tests for measuring the axial
force. The load cell measured thrust force with a maximum applied torque of 300 Nm
(nearly 30 kg). The proposed load cell’s basic dimensions are 30 mm × 30 mm (B × H).
Other geometrical parameters were subjected to some limitations during the design process
of the load cell, as follows [41]:

B
3
≤ D ≤ 2B

3
(11)

B
8
≤ t ≤ B

2
(12)

b ≤ B
2

(13)

Each of these variables has a distinct impact on the load cell’s flexibility, load capacity,
and overall strength. Hence, optimization of a parameter based on the FEM experimental
design methodology is possible. Table 1 summarizes the design parameters, illustrating the
minimum and maximum values. The FEM process was carried out to optimize the value of
each parameter.

Table 1. Design parameters.

Parameter Minimum Limit Maximum Limit

Body thickness [t] 3.75 [mm] 15 [mm]
Hole diameter [D] 10 [mm] 20 [mm]

The design parameters of the load cell can be determined during the FEM design
process based on the allowable stress and strain associated with the applied load. The
allowable stress at the maximum applied load should be roughly 50% of the produced
stress of the chosen material to guarantee an acceptable linear response of the load cell and
to avoid permanent strain in the load cell body that could cause inaccurate calibration [41].
In addition, the slot height should be less than the yield deflection to prevent the material’s
fracture. In designing a strain gauge load cell with 6061 aluminum, it is desirable to design
the load cell structure to generate a significant strain near the highest acceptable strain
at the highest force to improve the overall sensitivity of the load cell [2]. The maximum
allowable strain value of 1000 microstrain is suggested from the perspective of the yield
stress and sensitivity of the load cell to ensure the linear response and performance of the
strain gauge [46]. However, approximately 1 mV/V of sensitivity at the highest applied
load was utilized in this article to offer allowable sensitivity and accuracy, as reported
in [47].

4. Shape Optimization Consistent with the Finite Element Method (FEM)

The topology shape of the proposed load cell is optimized based on finite element
analysis (FEA). Additionally, the stress and strain analysis of the load cell under the applied
torque are considered significant for shape optimization. The shape optimization changes
the physical parameters of the load cell’s structure (hole diameter and body thickness)
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within the allowable range of values, as shown in Table 1. ANSYS software (ANSYS
Workbench 2022 R2, ANSYS Inc.) was employed in this study to design and evaluate the
load cell’s shape consistent with the finite element method (FEM). In contrast, the load
cell’s structural model was created by 3D CAD software (Autodesk Inventor professional
2022, Autodesk Inc.).

The proposed load cell design utilizes 6061 aluminum alloy, the most popular alu-
minum grade available, because of its low-cost material, good strength, and machinabil-
ity. The Young’s modulus, yield stress, and Poisson’s ratio of this aluminum alloy were
68.9 GPa, 276 MPa, and 0.33, respectively, which were applied to the ANSYS software.

In the analysis, two boundary conditions were defined based on the actual mounting
operation of the load cell. As shown in Figure 7, since the load cell is fixed to the base with
a bolt, a fixed support is applied to the bottom surface of the load cell, and the external
force is applied to the load point at a distance of 5 mm from the nearest edge. The capacity
of the load cell designed in this study is 300 N as the maximum applied force.

Figure 7. Meshed model along with boundary conditions and applied load.

The load cell model is split into a tetrahedral mesh with a component size of 1 mm.
The model’s element type is solid 187, with 14,110 nodes and 7747 finite elements. Element
type solid 187 was chosen after investigating different types of elements and selecting
the suitable number of elements based on the convergence test. Solid 187 element is a
greater-order 3-D, 10-node component that exhibits a quadratic displacement performance,
increasing the analysis’s accuracy [39]. The finite component mesh for the load cell model
is shown in Figure 7.

The stress–strain distribution with FEM analysis was carried out to ensure the max-
imum equivalent stress would be less than the material’s allowable strength under the
applied load. At the same time, it was conducted to achieve the optimum values of the
design parameters of the load cell while maintaining the required load cell characteristics.
Thus, Figures 8 and 9 show the association between the exerted force and generated von
Mises stress and maximum principal strain within the allowable range of the hole diameter
and body thickness values, respectively.
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Figure 8. Von Mises stress FEM analysis.

Figure 9. Maximum principal strain FEM analysis.

The limitation factors for choosing the optimal parameter value for the load cell
are determined based on the allowable stress and strain, 138 MPa and 1000 microstrain,
respectively. Figure 10 shows the allowable range of values determined based on the
limiting factors. Therefore, the optimal values for the hole diameter (D) and body thickness
(t) were selected as 15, and 10 mm, respectively, since it is the nearest line that could achieve
the design values, as seen in Figures 11 and 12, which show the relationship between the
applied load and generated strain on the load cell for the optimized parameters through
FEM analysis. Additionally, the FEM analysis of the model with these optimized parameters
is displayed in Figures 8 and 13.
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Figure 10. Von Mises stress versus applied force for the allowable range of parameters.

Figure 11. Maximum principal strain versus applied force for the allowable range of parameters.
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Figure 12. Limiting factors for the design parameters.

Figure 13. Stress and strain curve versus applied torque for the optimized parameters.

5. Experimental Implementation

A 10 mm metal plate (6061 aluminum) of the load cell prototype was manufactured
by a CNC machine based on the optimized shape of the load cell. The load cell has a
compact size (30 mm × 30 mm × 10 mm) and is lightweight (20 g). The single hole was
drilled accurately at the center of the body to prevent any drifting during the machining. A
small slot generated bending bridge strain on its opposite side. The manufactured load cell
prototype is shown in Figure 14.
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Figure 14. Load cell prototype.

The experimental platform was implemented for the force measurement of the load
cell, as shown in Figure 15. The proposed work uses two strain gauges: the active gauge is
placed on the side surface close to the bridge beam of the load cell body while the dummy
gauge is mounted on the ground surface to minimize the adverse effects of temperature
changes. The strain gauges are bonded with epoxy adhesive. The contact surface is lightly
ground with sandpaper of 600 or finer grit before cleaning it with acetone. Then, the strain
gauges are protected with a layer of epoxy.

Figure 15. Experiment platform for load cell measurement.
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The actual implantation of the amplifier circuit is shown in Figure 16. The load cell
is attached to a Wheatstone bridge instrument with an analog amplifier to increase the
bridge’s signal level by a factor of 2001. This study utilized a linear strain gauge (CEFLA-
3-23, Tokyo Measuring Instruments Laboratory Co., Tokyo, Japan) with a gauge length
of 3 mm, a backing length of 6.9 mm, and a resistance of 120 Ω. The strain limit of this
strain gauge is 1% (10,000 microstrain) and the gauge factor (GF) is 2.09 [45]. The other
strain gauge specifications are special alloy foil for the grid, polyimide resin for the backing
material, and self-temperature compensation for aluminum. The output of the amplifier
circuit (Vo and ground) is fixed to the instrument digital multimeter (Digital Multimeter
VICTOR 70C). This multimeter interfaces with the computer by USB cable to display and
record the data logging, processing, and analysis. The specifications of the amplifier circuit
are illustrated in Table 2.

Figure 16. Implementation of the amplifier circuit: (a) Graphical description of the load cell circuit
board; (b) Description of the actual amplifier circuit.

Table 2. List of the parts for the amplifier circuit.

Item Specification

Instrumentation Amplifier INA818
Voltage Regulator, 5 V LM78L05ACZFS-ND

DPST Switch SW102-ND
bridge resistor (R) 120 Ω

Fixed gain resistor (RG) 25 Ω
Variable bridge resistor (Rv, potentiometer) 120 Ω

9 V battery strap connector 2243K-ND
1.0 Micro Farad capacitor P2105-ND
Excitation voltage (Eex) 5 Volt

Amplifier Gain (G) 2001

The load cell calibration was carried out in the experimental setting by employing
known accredited mass loads at the load application spot to characterize the sensitivity
and design of the load cell. These masses were verified based on the standard weight set
specifications. These calibration tests are widely used in various load cell calibrations [39].
In the calibration experiment, two goals were pursued. First and foremost, measurement of
the load cell’s sensitivity and linearity (also known as the calibration slope) was crucial.
Secondly, the calibration should be carried out before any force measurement on the load
cell to balance the bridge by adjusting the bridge’s output voltage through the variable
resistor until the voltmeter reads zero volts. Primarily, the bridge’s output generated a
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non-zero initial offset voltage when no load was applied because of the slight variation in
resistance among the bridge arms.

6. Results and Discussion

In the calibration experiment test for load cell, the values of masses ranged from 2
to 30 kg, increasing in 2 kg increments. Each applied mass was repeated to eliminate
random error and obtain accurate measurements. The average values of the three measured
tests are shown in Figure 17. The calibration curve of the observed voltages related to
the mass of the load set is shown in Figure 17. The load cell’s sensitivity was 15 mV/N,
according to the slope of the line through the data points. The measured output voltage and
corresponding sensitivity for each applied load are listed in Table 3; the highest sensitivity
was taken at 446.8 µV/V at the maximum applied load. Ultimately, the governing equation
of the applied load–output voltage relationship was obtained and derived according to the
calibration experiment of the load cell, as follows:

Fa = 0.0664 Vm − 0.1981 (14)

where Fa is the applied load (N) and Vm is the measured voltage (mV).

Figure 17. Calibration curve of applied force versus measured voltage.

The finding [39] that the calculated calibration constant coincides nicely with that
obtained from calibrating the load cell in a standard testing machine supports the experi-
mental results obtained by this work. The developed technique was validated through the
use of several drop weight tests on the specimen form of the load cell. The proposed load
cell has observed sensitivity that also matches the application’s specifications quite well
and places it within the range of findings in [39].

On the other hand, the theoretical sensitivity of the load cell, 16 mV/N, can be obtained
from the slope in Figure 18, which is consistent with the determined sensitivity of 15 mV/N.
Figure 18 shows the theoretical, FEM, and experimental results of the correlation between
the yield voltage and applied torque. The experiment and FEM results are almost identical,
with around a 1.4% difference. Furthermore, the experiment and FEM results differed from
the theoretical result by 6.7% and 5.4%, respectively.
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Table 3. Calibration results of the load cell by experiment.

Load/kg (N) Output Voltage/mV Sensitivity µV/V

2 (19.7933) 300.30 30.00
4 (39.5866) 600.10 59.90
6 (59.3799) 900.80 90.00
8 (79.1732) 1205.00 120.40
10 (98.9665) 1507.00 149.60

12 (118.7598) 1809.00 178.80
14 (138.5531) 2101.00 207.90
16 (158.3464) 2413.00 238.20
18 (178.1397) 2705.00 266.30
20 (197.933) 3016.00 298.90

22 (217.7263) 3328.00 327.60
24 (237.5196) 3620.00 357.80
26 (257.3129) 3902.00 387.00
28 (277.1062) 4224.00 419.20
30 (296.8995) 4535.00 446.80

Figure 18. Output voltage versus applied load for the theoretical, FEM, and experiment.

The results obtained in this study concord with those of [39], in which FEM integrated
contact analysis, automatic meshing, and infinite elements were constructed on load cells.
The simulation’s results strongly agree with the analytical solution, benchmark issues, and
experimental findings. Predictions on the end-loading sensitivity of solid and load cells
were carried out using the FEM software.

The theoretical calculation was based on the mathematical model equations of the
load cell and the simulation results, which were based on FEM. The stress and strain curve
corresponding to the applied load is given in Figure 19 for the theoretical and simulation
(FEM) results. In the strain and stress analysis, the simulation results are lower than the
theoretical results by 5.4% and 3.7%, respectively.
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Figure 19. Stress and strain versus applied load for the theoretical and FEM.

In summary, the experimental, simulation, and theoretical results confirmed each other,
with an acceptable percentage of errors in the output voltage, stress, and strain results.
There are reasons behind these differences and errors, such as miscalculations based on
the properties of the used material, the experiment’s environmental circumstances, and
the machining process’ residual stress. However, the designed and optimized load cell
meets the design requirements and considerations with a specific load range. Using FEM,
the strain gauge load cell was found to satisfy all criteria and to be sensitive only to axial
loading, which supports the current optimization parameters and results.

7. Conclusions

The feasibility of designing and customizing the strain gauge load cell based on the
specific design requirements and criteria is shown in this paper. The load cell was designed
and optimized for measuring the axial force of laboratory test benches, which provides
a 300 N load capacity, low-cost material, low weight, and size with highly accurate force
measurement. The structured shape of the load cell was optimized based on stress–strain
analysis of FEM to enhance the load cell characteristics by reducing the weight and boosting
the sensitivity within the allowable load range. The strain and stress analysis showed that
the FEM results are lower than the theoretical results by 5.4% and 3.7%, respectively.

The load cell prototype was fabricated and tested using a Wheatstone half-bridge
circuit with two strain embedded strain gauges (120 Ω) and amplifier gain (2001 times). The
load cell prototype was manufactured with a CNC machine from aluminum 6061 material.
The calibration test results confirmed that the output voltage change corresponds to the
applied load with a sensitivity of 15 mV/N and 446.8 µV/V at the tested measurement
range up to 30 kg, slightly lower than the theoretical sensitivity of 16 mV/N. Additional
experimental findings revealed that the load cell yield voltage differs slightly from the
theoretical and simulation results by 6.7% and 1.4%, respectively. These results demon-
strated that the load cell’s prototype meets the design requirement for axial force measuring
for the bench test, which has a light weight of 20 g and a maximum axial force capacity
of 300 N. The proposed half-bridge load cell configuration with the proper structural
design offers excellent resolution and sensitivity while minimizing the adverse effects of
temperature changes.



Sensors 2022, 22, 7508 18 of 19

Author Contributions: Conceptualization: O.S.A.-D., N.H.H. and N.R.H.; Data curation, O.S.A.-D.
and E.A.A.; Formal analysis, O.S.A.-D. and N.H.H.; Funding acquisition, N.H.H. and H.J.Y.; Investi-
gation, O.S.A.-D., N.H.H. and N.R.H.; Methodology, O.S.A.-D., M.O.T., N.H.H. and N.R.H.; Project
administration, M.O.T., N.H.H., N.R.H., R.A.R.G. and H.J.Y.; Resources, N.R.H., R.A.R.G. and H.J.Y.;
Software, O.S.A.-D.; Supervision, M.O.T., N.H.H., N.R.H., R.A.R.G. and H.J.Y.; Validation, O.S.A.-D.,
M.O.T., N.H.H., H.J.Y. and E.A.A.; Visualization, O.S.A.-D., N.H.H., N.R.H., R.A.R.G., H.J.Y. and
E.A.A.; Writing—original draft, O.S.A.-D.; Writing—review & editing, E.A.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Ministry of Higher Education (MOHE) Malaysia
under Fundamental Research Grant Scheme (FRGS/1/2015/TK03/UM/02/6).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We want to express our deep gratitude to the laboratory technicians of the
mechanical department, the University of Baghdad, for their help in offering me the resources to run
the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Olmi, G. Load Cell Training for the Students of Experimental Stress Analysis. Exp. Technol. 2016, 40, 1147–1161. [CrossRef]
2. Aghili, F. Design of a Load Cell with Large Overload Capacity. Trans. Can. Soc. Mech. Eng. 2010, 34, 449–461. [CrossRef]
3. Projoth, T.N.; Victor, D.P.M.; Nanthakumar, P. Analysis and prediction of cutting force through lathe tool dynamometer in CNC

turning process. Mater. Today Proc. 2021, 46, 4174–4179. [CrossRef]
4. Abdeetedal, M.; Kermani, M.R. An open-source integration platform for multiple peripheral modules with Kuka robots. CIRP J.

Manuf. Sci. Technol. 2019, 27, 46–55. [CrossRef]
5. Kashiri, N.; Malzahn, J.; Tsagarakis, N.G. On the Sensor Design of Torque Controlled Actuators: A Comparison Study of Strain

Gauge and Encoder-Based Principles. IEEE Robot. Autom. Lett. 2017, 2, 1186–1194. [CrossRef]
6. Zhang, M.; Qiu, B.; Zhu, M.; Qu, X. Novel computation method of reducing ill-posedness for structural static distributed load

identification by optimising strain gauge locations. Mech. Syst. Signal Process. 2019, 124, 83–110. [CrossRef]
7. Byrne, D.T.; Esmonde, H.; Berry, D.P.; McGovern, F.; Creighton, P.; McHugh, N. Sheep lameness detection from individual hoof

load. Comput. Electron. Agric. 2019, 158, 241–248. [CrossRef]
8. Smreczak, M.; Rubbert, L.; Baur, C. Design of a compliant load cell with adjustable stiffness. Precis. Eng. 2021, 72, 259–271.

[CrossRef]
9. Cozzolino, F.; Apicella, D.; Wang, G.; Apicella, A.; Sorrentino, R. Implant-to-bone force transmission: A pilot study for in vivo

strain gauge measurement technique. J. Mech. Behav. Biomed. Mater. 2019, 90, 173–181. [CrossRef]
10. Ramachandran, P.; PradeepKumar, A.R.; Ravishankar, P.; Kishen, A. In Vivo Strain Alterations in Mandibular Molars after Root

Canal Treatment Procedures. J. Endod. 2020, 46, 1849–1855. [CrossRef]
11. Seethaler, R.; Mansour, S.Z.; Ruppert, M.G.; Fleming, A.J. Piezoelectric benders with strain sensing electrodes: Sensor design for

position control and force estimation. Sens. Actuators A Phys. 2022, 335, 113384. [CrossRef]
12. Nuthalapati, S.; Shirhatti, V.; Kedambaimoole, V.; Pandi, N.V.; Takao, H.; Nayak, M.M.; Rajanna, K. Highly sensitive flexible strain

and temperature sensors using solution processed graphene palladium nanocomposite. Sens. Actuators A Phys. 2022, 334, 113314.
[CrossRef]

13. Abdulhakim, M.; Hegazy, R.; Abuelezz, A.E.; Abdelhakeem, H.M.; Gaffer, A.M.; Zakaria, H.M. Novel design of a multi-capacity
force measurement instrument. Measurement 2021, 173, 108562. [CrossRef]

14. Templeman, J.O.; Sheil, B.B.; Sun, T. Multi-axis force sensors: A state-of-the-art review. Sens. Actuators A Phys. 2020, 304, 111772.
[CrossRef]

15. Motwani, P.; Perogamvros, N.; Taylor, S.; Laskar, A. Performance of industrial wedge-anchors for pre-stressing BFRP bars:
Experimental and numerical studies. Compos. Struct. 2020, 251, 112592. [CrossRef]

16. Cosentino, I.; Ferro, G.A.; Restuccia, L. An experimental set-up for cyclic loading of concrete. Procedia Struct. Integr. 2020, 25,
413–419. [CrossRef]

17. Cabboi, A.; Segeren, M.; Hendrikse, H.; Metrikine, A. Vibration-assisted installation and decommissioning of a slip-joint. Eng.
Struct. 2020, 209, 109949. [CrossRef]

18. Bibbo, D.; Gabriele, S.; Scorza, A.; Schmid, M.; Sciuto, S.A.; Conforto, S. A Novel Technique to Design and Optimize Performances
of Custom Load Cells for Sport Gesture Analysis. IRBM 2019, 40, 201–210. [CrossRef]

19. Guo, T.; Chen, Z.; Lu, S.; Yao, R. Monitoring and analysis of long-term prestress losses in post-tensioned concrete beams.
Measurement 2018, 122, 573–581. [CrossRef]

http://doi.org/10.1007/s40799-016-0115-8
http://doi.org/10.1139/tcsme-2010-0027
http://doi.org/10.1016/j.matpr.2021.02.681
http://doi.org/10.1016/j.cirpj.2019.08.003
http://doi.org/10.1109/LRA.2017.2662744
http://doi.org/10.1016/j.ymssp.2019.01.051
http://doi.org/10.1016/j.compag.2019.01.048
http://doi.org/10.1016/j.precisioneng.2021.04.016
http://doi.org/10.1016/j.jmbbm.2018.10.014
http://doi.org/10.1016/j.joen.2020.07.021
http://doi.org/10.1016/j.sna.2022.113384
http://doi.org/10.1016/j.sna.2021.113314
http://doi.org/10.1016/j.measurement.2020.108562
http://doi.org/10.1016/j.sna.2019.111772
http://doi.org/10.1016/j.compstruct.2020.112592
http://doi.org/10.1016/j.prostr.2020.04.046
http://doi.org/10.1016/j.engstruct.2019.109949
http://doi.org/10.1016/j.irbm.2019.05.005
http://doi.org/10.1016/j.measurement.2017.07.057


Sensors 2022, 22, 7508 19 of 19

20. Moayedi, H.; Mosallanezhad, M. Uplift resistance of belled and multi-belled piles in loose sand. Measurement 2017, 109, 346–353.
[CrossRef]

21. Kumar, A.A.; Tewari, V.K.; Nare, B. Embedded digital draft force and wheel slip indicator for tillage research. Comput. Electron.
Agric. 2016, 127, 38–49. [CrossRef]

22. Ferreira, J.G.; Branco, F. Measurement of Vertical Deformations in Bridges Using an Innovative Elastic Cell System. Exp. Technol.
2015, 39, 13–20. [CrossRef]

23. Gonzalez-Mendoza, A.; Quinones-Uriostegui, I.; Salazar-Cruz, S.; Perez-Sanpablo, A.I.; Lopez-Gutierrez, R.; Lozano, R. Design
and Implementation of a Rehabilitation Upper-limb Exoskeleton Robot Controlled by Cognitive and Physical Interfaces. J. Bionic
Eng. 2022, 19, 1374–1391. [CrossRef] [PubMed]

24. Hartmann, V.N.; Rinaldi, D.D.M.; Taira, C.; Forner-Cordero, A. Industrial Upper-Limb Exoskeleton Characterization: Paving the
Way to New Standards for Benchmarking. Machines 2021, 9, 362. [CrossRef]

25. Hsieh, M.H.; Huang, Y.H.; Chao, C.L.; Liu, C.H.; Hsu, W.L.; Shih, W.P. Single-Actuator-Based Lower-Limb Soft Exoskeleton for
Preswing Gait Assistance. Appl. Bionics Biomech. 2020, 2020, 5927657. [CrossRef]

26. De Rossi, S.M.; Vitiello, N.; Lenzi, T.; Ronsse, R.; Koopman, B.; Persichetti, A.; Vecchi, F.; Ijspeert, A.J.; van der Kooij, H.; Carrozza,
M.C. Sensing pressure distribution on a lower-limb exoskeleton physical human-machine interface. Sensors 2011, 11, 207–227.
[CrossRef]

27. Lovrenovic, Z.; Doumit, M. Development and testing of a passive Walking Assist Exoskeleton. Biocybern. Biomed. Eng. 2019, 39,
992–1004. [CrossRef]

28. Paulweber, M.; Lebert, K. Measurement and Test Bench Technology, 1st ed.; Springer Vieweg: Wiesbaden, Germany, 2014.
29. Laidani, A.; Bouhamida, M.; Benghanem, M.; Sammut, K.; Clement, B. A Low-Cost Test Bench for Underwater Thruster

Identification. IFAC-PapersOnLine 2019, 52, 254–259. [CrossRef]
30. Shirazi, A.T.; Nazari, M.R.; Manshadi, M.D. Numerical and experimental investigation of the fluid flow on a full-scale pump jet

thruster. Ocean Eng. 2019, 182, 527–539. [CrossRef]
31. Ozturk, U.E.; Ucar, L.; Zobi, O.; Bagdat, U.; Elmalı, S.; Shahidi, K.; Ersoy, N.; Yanarocak, R. Custom Design Multi-Axial Engine

Mount Load-Cell Development for Road Load Identification and Fatigue Life Estimation. SAE Int. J. Mater. Manuf. 2016, 9,
642–648. [CrossRef]

32. Capobianco, G.; Bohun, N.; Gratton, M.; Serra, R.; Zinbi, A.; Rigollet, N. Both radial and axial load distribution measurement on a
V-band clamp by a new load cell design. Insight-Non-Destr. Test. Cond. Monit. 2022, 64, 432–436. [CrossRef]

33. Torrents, A.; Azgin, K.; Godfrey, S.W.; Topalli, E.S.; Akin, T.; Valdevit, L. MEMS resonant load cells for micro-mechanical test
frames: Feasibility study and optimal design. J. Micromechanics Microeng. 2010, 20, 125004. [CrossRef]

34. Hošek, J.; Frank, O.; Diez, V. Mini-tensile load cell design for diffractometry study of 2d nanostructures. Rom. Rev. Precis. Mech.
Opt. Mechatron. 2014, 45, 89–93. Available online: https://www.proquest.com/scholarly-journals/mini-tensile-load-cell-design-
diffractometry/docview/1640469803/se-2 (accessed on 29 September 2022).

35. Kolhapure, R.; Rawal, M.; Rayjadhav, S.; Kabnure, B.; Mekalke, G.; Patil, R.; Balwan, V. Shape optimization of washer load cell
using GRA method. Mater. Today Proc. 2020, 27, 238–243. [CrossRef]

36. Sun, H.; Zhang, X.; Chen, J. Optimum Design of the Spoke Type Load Cell Based on Fatigue Performance. J. Fail. Anal. Prev. 2017,
17, 717–723. [CrossRef]

37. Stano, G.; Di Nisio, A.; Lanzolla, A.; Percoco, G. Additive manufacturing and characterization of a load cell with embedded strain
gauges. Precis. Eng. 2020, 62, 113–120. [CrossRef]

38. Kolhapure, R.; Shinde, V.; Kamble, V. Geometrical optimization of strain gauge force transducer using GRA method. Measurement
2017, 101, 111–117. [CrossRef]

39. Tavakolpour-Saleh, A.R.; Setoodeh, A.R.; Gholamzadeh, M. A novel multi-component strain-gauge external balance for wind
tunnel tests: Simulation and experiment. Sens. Actuators A Phys. 2016, 247, 172–186. [CrossRef]

40. Takezawa, A.; Nishiwaki, S.; Kitamura, M.; Silva, E.C.N. Topology optimization for designing strain-gauge load cells. Struct.
Multidiscip. Optim. 2010, 42, 387–402. [CrossRef]

41. Nakka, R. Strain Gage Load Cell for Thrust Measurement. Available online: http://www.nakka-rocketry.net/strainlc.html
(accessed on 9 May 2022).

42. Beckwith, T.G.; Buck, N.L.; Marangoni, R.D. Mechanical Measurements; Addison-Wesley: Reading, MA, USA, 1969; Volume 5.
43. Bolton, W. Chapter 2—Instrumentation System Elements. In Instrumentation and Control Systems, 3rd ed.; Bolton, W., Ed.; Newnes:

London, UK, 2021; pp. 17–70. [CrossRef]
44. Instruments, T. Precision Instrumentation Amplifier Datasheet (Rev. A); Texas Instruments Incorporated: Dallas, TX, USA, 2019.
45. High and Low Temperature Strain Gauge|Tokyo Measuring Instruments Laboratory Co., Ltd. Available online: https://tml.jp/

e/product/strain_gauge/cef_list.html (accessed on 2 September 2022).
46. Joo, J.W.; Na, K.S.; Kang, D.I. Design and evaluation of a six-component load cell. Measurement 2002, 32, 125–133. [CrossRef]
47. Tavakolpour-Saleh, A.R.; Sadeghzadeh, M.R. Design and development of a three-component force/moment sensor for underwater

hydrodynamic tests. Sens. Actuators A Phys. 2014, 216, 84–91. [CrossRef]

http://doi.org/10.1016/j.measurement.2017.06.001
http://doi.org/10.1016/j.compag.2016.05.010
http://doi.org/10.1111/j.1747-1567.2012.00852.x
http://doi.org/10.1007/s42235-022-00214-z
http://www.ncbi.nlm.nih.gov/pubmed/35756166
http://doi.org/10.3390/machines9120362
http://doi.org/10.1155/2020/5927657
http://doi.org/10.3390/s110100207
http://doi.org/10.1016/j.bbe.2019.01.002
http://doi.org/10.1016/j.ifacol.2019.12.316
http://doi.org/10.1016/j.oceaneng.2019.04.047
http://doi.org/10.4271/2016-01-0413
http://doi.org/10.1784/insi.2022.64.8.432
http://doi.org/10.1088/0960-1317/20/12/125004
https://www.proquest.com/scholarly-journals/mini-tensile-load-cell-design-diffractometry/docview/1640469803/se-2
https://www.proquest.com/scholarly-journals/mini-tensile-load-cell-design-diffractometry/docview/1640469803/se-2
http://doi.org/10.1016/j.matpr.2019.10.106
http://doi.org/10.1007/s11668-017-0299-y
http://doi.org/10.1016/j.precisioneng.2019.11.019
http://doi.org/10.1016/j.measurement.2017.01.030
http://doi.org/10.1016/j.sna.2016.05.035
http://doi.org/10.1007/s00158-010-0491-0
http://www.nakka-rocketry.net/strainlc.html
http://doi.org/10.1016/B978-0-12-823471-6.00002-2
https://tml.jp/e/product/strain_gauge/cef_list.html
https://tml.jp/e/product/strain_gauge/cef_list.html
http://doi.org/10.1016/S0263-2241(02)00002-7
http://doi.org/10.1016/j.sna.2014.05.001

	Introduction 
	Design Concept and Electronic System of the Load Cell 
	Prototype Configuration 
	Working Principles 
	Wheatstone Bridge Circuit 
	Amplifier Circuit 

	Shape Design of the Load Cell 
	Mathematical Model of the Load Cell Unit 
	Design Considerations 

	Shape Optimization Consistent with the Finite Element Method (FEM) 
	Experimental Implementation 
	Results and Discussion 
	Conclusions 
	References

