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Abstract: This paper presents a low-cost printed circuit board designed to measure external forces in several robotics
applications. Its operating principle is based on capturing electrical resistance change coming from strain
gauges attached to deformable beams in elastic force-torque sensors. This system offers great flexibility
because users can adjust up to 8 Wheatstone bridge circuit in different configurations depending on their
needs, their parameters as offset and amplification gain can easily be configured and the assembly process is
intended to be fast using a pick-and-place machine and a soldering oven.

1 INTRODUCTION

In the last decade the interest to bring out robots or
autonomous systems form factories has risen due to
their capacity to develop repetitive tasks (Prabakaran
et al., 2018), to execute dangerous jobs made in haz-
ardous environments (Wong et al., 2018) or to support
elderly people in daily activities (Oda et al., 2010).

The main limitations to achieve this goal are based
on their economic cost and their capacities to be
safe for the objects and people in the environment
(Kim et al., 2016). Some works have dealt with
the last issue incorporating force control approaches
as the well known impedance or admittance con-
trol (Calanca et al., 2016) based on force-torque sen-
sors located in particular robot joints (Dietrich et al.,
2016; Kim et al., 2016; Kim et al., 2014; Bussmann
et al., 2018; Iskandar et al., 2019; Sentis et al., 2013;
Nozawa et al., 2011), wrapping the robot in a kind
of skin made up of a large number of pressure sen-
sors (Armleder et al., 2022; Cheng et al., 2019; Dean
et al., 2019; Mittendorfer, 2012) or attaching a 6 de-
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gree of freedom (DoF) force-torque sensor to a rigid
robot shell in one point (Kollmitz et al., 2018) or to a
rigid body part (Frémy et al., 2014; Oda et al., 2010;
Aguirre-Ollinger and Yu, 2021).

In literature, one of the preferred technologies to
build force-torque sensors is based on strain gauges
that capture the mechanical deformation of elastic
material. For instance, the works presented by (Chen
et al., 2015; Yuan et al., 2015; Valizadeh et al., 2015;
Lin et al., 2019; Sun et al., 2013; Phan et al., 2018;
Kebede et al., 2019) analysed the design and im-
plementation of force-torque sensor with up to eight
Wheatstone bridge in quarter, half, full bridge config-
urations or a mix of them.

The main reasons to employ this piezo-resistive
sensor has attractive qualities, namely, high measure-
ment accuracy and it is suitable for static or quasi-
static measurements (Chen et al., 2015), and temper-
ature compensation is possibly achieved using Wheat-
stone bridge circuits (Templeman et al., 2020).

Until now, it is of our knowledge in literature, that
there is not a complete low-cost printer circuit board
design that shows the whole configuration to sense
external forces due to mechanical strain changes in
elastic bodies, an therefore we proposed a whole de-
scription of each stage and the components required
to guarantee an optimal performance and flexibility
to select different Wheatstone bridge circuit configu-
rations depending on the user requirements.
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The paper is organized as follows: Section 2
presents the functionalities of the printed circuit
board, Section 3 shows the printed circuit board de-
sign, Section 4 shows the economic cost, Section 5
presents a comparison with some commercial acqui-
sition boards and finally, Section 6 presents the main
results of the printed circuit board design.

2 SYSTEM CONFIGURATION

The printed circuit board (PCB) is composed by four
main blocks as can be seen in Fig. 1. The power
supply circuits responsible to transfer required energy
to achieve the different functionalities and configura-
tions, the Wheatstone bridge circuits used to capture
the resistance change due to the mechanical defor-
mation on the elastic parts, the amplification system
in charge of amplifying voltage signal coming from
Wheatstone bridge in order to have a suitable reading
in the analog to digital converters and the microcon-
troller responsible for signals processing to estimate
external force values.

Power
Supply
System

Wheatstone
Bridge
Circuits

Amplification
System

Micro-
controller

Figure 1: Printed circuit board system configuration.

2.1 Power Supply System

The power supply system is composed by three
stages. The first one shown in Fig. 2 is responsible for
capturing the energy from a 12 V battery or a similar
system and it has an inverse polarity protection based
on a P-Channel MOSFET to avoid a damage in the
rest of the system due to a wrong user connection. A
similar protection circuit is recommended by (Scrim-
izzi et al., 2016) because other solutions based on a
diode entails higher power losses and a circuit protec-
tion based on a N-Channel MOSFET requires an ad-
ditional driver circuit composed by a charge pump cir-
cuit and EMI filter. As it is mentioned by (ONSEMI,
2023), when a reverse polarity protection based on a
P-Channel MOSFET is used, to turn on a P-Channel,
the gate voltage needs to be lower than the source
voltage by at least the threshold voltage specified by
the manufacturer and this requirement is fulfilled with
a right connection using the circuit shown in Fig. 2,
but when the battery is reversely connected, the gate
and source voltage are practically the same and there-
fore, the P-channel is turn off. Note, that there is a
solder bridge jumper in parallel with a MOSFET tran-
sistor if the user decides to do not use that protections

for any reason. Also, it can be seen several capacitors
that deal with battery voltage changes and provide a
low impedance path to high frequency noise coming
from the battery voltage.

1.5 A

C1

Q1F2J1

C2

SJ12P

JP1

+12V
PWR_Conn

G

SD

Figure 2: Main power system.

The second one is connected to the previous stage
and it can be seen in Fig. 3. It is composed by a 9
V voltage regulator that supplies a 9 V constant volt-
age to the Wheatstone bridge in order to have a higher
voltage due to the electrical resistance change in com-
parison to the obtained when the Wheatstone bridge is
power to typical voltages values as 5 V or 3.3 V. Note,
that it is also possible to use 12 V coming from the
battery to power the Wheatstone bridge closing the
solder bridge jumper located parallel to the 9 V volt-
age regulator. Moreover, in the output of the voltage
regulator there is a diode to protect it in case of cur-
rent coming from inverse direction. Also, the capac-
itors in this stage perform similar functions to those
mentioned above: regulate voltage changes and filter
high frequency noise. This stage also provides the re-
quired voltage level by the operational amplifier that
will be shown further.

Vin Vout

GND

JP2
12V_reg_by

C3 C4 C5

U7

C6

9V_EN

D29

+12V

+12V

Figure 3: 9 V voltage regulator system.

The last stage of the power system is shown in
Fig. 4. It is composed mainly by a 5 V voltage regu-
lator whose power supply can come from 9 V voltage
regulator or from 12 V battery. The output voltage
of this regulator is employed to power the microcon-
troller STM32F407 Discovery as well as a 1.6 V ref-
erence voltage chip used by the amplification voltage
system. The capacitors shown in this stage also exe-
cute the same functions of the capacitors mentioned
above.

2.2 Wheatstone Bridge Circuits

The PCB has eight Wheatstone bridge circuits that
can be implemented as quarter, half or full bridge con-
figuration as it can be seen in Fig. 5 selecting prop-
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Figure 4: 5 V voltage regulator system.

erly the solder bridge jumpers JP1, JP2, JP3, JP4,
JPV1, JPV2, JPV3 and JPV4. Note that RV1, RV2,
RV3, and RV4 are 50 Ω trimmers that are in series
with either a strain gauge of typical values of 120 Ω

or 350 Ω (Gauge 1, Gauge 2, Gauge 3 or Gauge 4)
or with a 100 Ω or 330 Ω resistor (R1, R2, R3 or R4)
and they allow to adjust an equal resistance on each
Wheatstone bridge arm in order to have a null voltage
generation when no force is applied.
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Figure 5: Wheatstone bridge.

The output voltage Vd coming from the Wheat-
stone bridge circuit is given by:

Vd =V +−V−=V cc ·
(

R2G

R1G +R2G
− R3G

R4G +R3G

)
(1)

where RiG is the i-th strain gauge resistance (i = 1,2
on the right Wheatstone bridge arm and i = 3,4 on the
left Wheatstone bridge arm) and Vcc could be either 9
V or 5 V as it is shown in Fig. 5. If R2G = R4G = RT
and R1G = R3G = RC , then:

Vd =V+−V− =V cc ·
(

RT −RC

RT +RC

)
(2)

Note that Vo > 0 if RT > RC and this happen when
both strain gauges 2 and 4 or any of them operate
in tension (resulting in increased resistance) and both
strain gauges 1 and 3 or any of them operate in com-
pression (resulting in decreased resistance). When the
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Figure 6: Voltage amplification system.

mechanical deformation happens in the inverse direc-
tion the voltage output is Vo < 0 and therefore, it is
possible to have positive and negative voltage values
according to the direction of the external force applied
on the force-torque sensor.

2.3 Voltage Amplification System

In order to have a better reading of the voltage signals
coming from the Wheatstone bridge circuits, an oper-
ational amplifier with instrumentation characteristics
was chosen as it can be seen in Fig. 6. For this PCB
the TLV9154QDRQ1 was chosen. Among its main
features, there is a typical bandwidth of 4.5 MHz, a
slew rate of 21 V/ µs and a common-mode rejection
ratio of 125 dB.
At it is shown in this figure, a 1.6 V voltage reference
chip is required to get a voltage offset different from
zero (1.6 V) as output of the amplification system.

Therefore, the voltage output Vo is given by:

Vo =
R5

RV 5

(
1+ R6

RV 6

)(
1+ R5

RV 5

)V+− R6
RV 6

V−+

(
1+ R6

RV 6

)(
1+ R5

RV 5

)1.6

(3)
Note that trimmers RV 5 and RV 6 are adjusted in

such way that relation (4) is accomplished:

R6
RV 6

=
R5

RV 5
(4)

Therefore, the voltage output can be expressed as:

Vo =
R6

RV 6
(V+−V−)+1.6 (5)

where the term R6
RV 6 represents the amplification gain.

3 PRINTED CIRCUIT BOARD
DESIGN

The printed circuit board was designed using KiCad
7.0 which is an open source software developed for
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electronics circuits design. It offers an schematic cap-
ture where electrical diagram is created as well as a
PCB layout where the location of the different com-
ponents is made and important characteristics as track
width, via size, clearance, power and ground planes,
and PCB layer stackup are defined.

3.1 PCB Layer Stackup

The general purpose of this printed circuit board is
sending all the voltage signals to the analog to digital
converts in an accurate and quickly way. A good prac-
tice to do that is through the use of impedance control
which avoids distortion, attenuation and reflection of
the signals and improves the reliability of the mea-
surements that are performed within the PCB (Zhang
et al., 2011).
For this design, the standard JLC04161H-7628
(https://jlcpcb.com/impedance) shown in Tab. 1 was
chosen as an option for impedance control because
it is a standard used for high data transmission ap-
plications (Circuits, 2020), as this case. This four
layer configuration was also chosen because it allows
connections between all the electrical components de-
spite their large number.

Table 1: Dielectric Specifications LC04161H-7628
(https://jlcpcb.com/impedance).

Layer Material Tickness (mm)
L1 Outer Copper Weight, 1 oz A 0.0350

Prepreg 7628, RC 49%, 8.6 mil A 0.2104
L2 Inner Copper Weight A 0.0152

Core 1.1mm H/HOZ with copper A 1.0650
L3 Inner Copper Weight 0.0152

Prepreg 7628, RC 49%, 8.6 mil A 0.2104
L4 Outer Copper Weight, 1 oz 0.0350

A visual distribution of the layer stackup is shown
in Fig. 7. In our case, L1 layer corresponds to the
front copper layer where most of surface mounting
device (SMD) components are positioned in order to
facilitate the assembly process using a pick-and-place
machine (P&P) and a soldering oven as it can be seen
in Fig. 9. All the trimmers were selected as through-
hole technology because they are cheaper than other
technologies and they were mounted on this layer
to facilitate their resistance adjustment. The strain
gauge connectors are also mounting on this layer. L2
layer represents the ground plane, L3 layer the power
planes which has the distributions of the different
voltage level required by the PCB as it can be seen
in Fig. 8. Layer L4 corresponds to the back copper
layer which has the power connector, voltage regula-
tors and few smd components as capacitors as it can
be seen in Fig. 10.

L1

Pre
pre
g

L2

Co
re

L3

Pre
pre
g

L4

Figure 7: The JLC04161H-7628 (Standard) stackup offered
by JLCPCB implemented in the PCB design.

1.6 V

5 V

3.3 V 12 V

9 V

1.6 V

Figure 8: Power Plane Distribution.

3.2 Net Classes Configuration

In Kicad it is possible to define a set of nets that have
the same parameters to route these nets and this is
called as Net Classes. This is very useful to define
the most important parameters for proper implemen-
tation of PCB traces. The parameters of these classes
were defined as follows:

• Clearance: minimum values are used with an ad-
ditional 30 % margin to provide a suitable mar-
gin, following the electrical spacing specified by
the IPC 2221 standard (The Institute for Intercon-
necting and Packaging Electronic Circuits, 1998).
Please note that these values are intended for un-
coated external components (A6).

• Track Width: it was calculated by using the for-
mula (6) specified in the IPC 2221 standard con-
sidering a temperature change of 10 degrees Cel-
sius and the estimated current values shown in
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Figure 9: Components distribution on frontal layer.

Figure 10: Components distribution on back layer.

Tab. 2 for the defined Net Classes. Note that
Analog Signal refers mainly to the current signals
crossing the Wheatstone bridge circuits and the
amplification voltage system, the GND Analog
refers to the current crossing the ground plane and
the rest of Net Classes refer to the circulating cur-
rent in a stage with an specific voltage level. The
remaining variables for track width calculation
were set according to the specifications outlined in
the IPC 2221 standard (The Institute for Intercon-
necting and Packaging Electronic Circuits, 1998).

I = K ·∆T 0.44 · (W ·H)0.725 (6)

• Via Hole: typically, it has the same value as the
track width because the width of the track should
always have a Via Hole of at least the same size to
accommodate the track. A minimum value of 0.3

mm was set to minimize economic cost, consid-
ering the purchase options available by JLCPCB
manufacturer. A large Via Hole size improves
heat dissipation (Singh et al., 2019).

• Via Size: it is advisable to use a value twice the
size of the Via Hole. For example, if a Via Hole of
0.3 mm is used, a Via Size of 0.6 mm ensures an
annular ring of 0.15 mm (JLCPCB, 2023). This
helps to minimize costs, considering the options
available at JLCPCB manufacturer for instance.

• uVia Size: microvias that connect inner layers
with outer layers maintain the same value as their
corresponding Via Size. This is done to reduce
costs.

• uVia Hole: microvias that connect inner layers
with outer layers maintain the same value as their
corresponding Via Hole. This is done to reduce
economic cost.

Table 2: Current calculations for different Net Classes on
the PCB.

Net Class Current Current + 30%
Analog Signal 0.160 A 0.208 A
GND Analog 1.673 A 2.391 A

Power Analog 1.6V 0.012 A 0.0156 A
Power Analog 12V 1.10 A 1.57 A
Power Analog 3V 0.263 A 0.342 A
Power Analog 5V 0.693 A 0.990 A
Power Analog 9V 1.10 A 1.57 A

Consequently. the Net classes parameters defined
in KiCad are shown in Tab. 3 and 4.

Table 3: NetClasses parameters used in PCB design accord-
ing to the track requirements.

Net Class Clearance Track Width Via Size
Default 0.16 mm 0.16 mm 0.6 mm

Analog Signal 0.16 mm 0.16 mm 0.6 mm
GND Analog 0.4 mm 1 mm 2 mm

Power Analog 1.6V 0.16 mm 0.16 mm 0.6 mm
Power Analog 12V 0.25 mm 0.56 mm 1.12 mm
Power Analog 3V 0.16 mm 0.16 mm 0.6 mm
Power Analog 5V 0.16 mm 0.3 mm 0.6 mm
Power Analog 9V 0.25 mm 0.56 mm 1.12 mm

Table 4: NetClasses parameters used in PCB design accord-
ing to the track requirements.

Net Class Via Hole uVia Size uVia Hole
Default 0.3 mm 0.6 mm 0.3 mm

Analog Signal 0.3 mm 0.6 mm 0.3 mm
GND Analog 1 mm 2 mm 1 mm

Power Analog 1.6V 0.3 mm 0.6 mm 0.3 mm
Power Analog 12V 0.56 mm 1.12 mm 0.56 mm
Power Analog 3V 0.3 mm 0.6 mm 0.3 mm
Power Analog 5V 0.3 mm 0.6 mm 0.3 mm
Power Analog 9V 0.56 mm 1.12 mm 0.56 mm
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4 PCB ECONOMIC COST

The list of components used for the PCB design is
shown in Tab. 5 and 6. It contains the part num-
ber of each component, its price, the type of assem-
bly: through-hole (T-H) or SMD as well as the re-
quired quantity. The total estimated cost including the
STM32F407 Discovery microcontroller was $62.75.
The acronyms used in this list are: Op Amps for op-
erational amplifiers, G for gauge, P for power, R for
resistor, T for trimmer, C for capacitor and V for volt-
age.

Table 5: List of components for the printed circuit board.

Component Qty Price
Op Amps 2 $3.300

G Connector 32 $4.096
P Connector 1 $0.129

R 100kΩ 16 $0.019
R 2kΩ 1 $0.001
R 1kΩ 9 $0.009

R 680Ω 1 $0.001
R 330Ω 40 $0.048
R 100Ω 32 $0.038
T 50Ω 32 $3.936
T 1kΩ 16 $1.024

C 0.16uF 10 $7.520
C 0.47uF 1 $0.026
C 100uF 1 $0.073
C 2.2uF 2 $0.016
C 10uF 2 $0.015

V. References 2 $6.580
MOSFET 40V 1 $0.546

Fuse 2A 1 $0.099
Regulator 9V 1 $3.350
Regulator 5V 1 $3.370

Rectifier diode 2 $3.370
LED 3 $0.014

STM32F407 1 $21.170
Schottky Diodes 8 $0.640
PCB Fabrication 1 $6.440

Header 4 $0.268

5 COMPARISON WITH
COMMERCIAL DATA
ACQUISITION SYSTEMS

In order to prove the effectiveness of the printed cir-
cuit board, several data acquisition boards composed
by Wheatstone bridge circuits were analysed. The
outstanding features are shown in Tab. 7. As it can

Table 6: List of components for the printed circuit board.

Component Part number Assembly
Op Amps TLV9154QDRQ1 SMD

G Connector JST XH-2 T-H
P Connector Terminal Block 2 pin T-H

R 100kΩ WCR0805-100KFI SMD
R 2kΩ ERJ-6ENF2001V SMD
R 1kΩ ERJ-3EKF1001V SMD
R 680Ω ERJ-6ENF6200V SMD
R 330Ω ASC0805-330RFT5 SMD
R 100Ω PCF0805R-100RBT1 SMD
T 50Ω 3224W T-H
T 1kΩ 3224W T-H

C 0.16uF C0805C104Z4VACTU SMD
C 0.47uF 885012207049 SMD
C 100uF 865080343009 SMD
C 2.2uF 885012107012 SMD
C 10uF C2012JB1C106M085AC SMD

V. References MAX6018BEUR16+T SMD
MOSFET 40V DMP4047SK3-13 SMD

Fuse 2A C1Q 2 SMD
Regulator 9V R-78K9.0-1.0 T-H
Regulator 5V mEZD71201A-G T-H

Rectifier diode FM4004W-W SMD
LED 156120RS75300 SMD

STM32F407 STM32F407G-DISC1 T-H
Schottky Diodes RB751S40T5G SMD
PCB Fabrication 4 layers -

Header Connector T-H

be seen only two of them allow quarter, half or full
bridge configurations which is a relevant characteris-
tic depending of the force-torque sensor available to
the user and using our PCB design we can reach any
of these configurations. Moreover, only one has up to
16 Wheatstone bridge circuits, but its price is around
ten times more expensive than our design. In relation
with the amount of samples measured by second, four
data acquisition boards reach up to 14400 but in our
case we considered the STM32F407 Discovery which
has analog to digital converters that can work in order
of MHz (ST, 2022).

Table 7: Characteristics of Commercial Data Acquisition
Boards (Windmill Software, 2015), (DATAQ Instruments,
2019),(DATAQ Instruments, 2014), (DATAQ Instruments,
2018), (Data Translation, 2017).

Data
Acquisition
Board

Bridge
Type

Strain
Gage
Input
Modules

ADC (samples
/second
per channel)

Price

DI-718Bx-S Full bridge 6 14400 $1495
DI-4718B-U Full bridge 6 14400 $695
DI-4718B-E Full bridge 6 14400 $795
DI-718B-ES Full bridge 6 14400 $895

DT9829-8
Quarter-bridge,
Half-bridge,
Full-bridge

8 120 $2159

751-SG
Quarter-bridge,
Half-bridge,
Full-bridge

16 48 $739.22
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6 CONCLUSIONS

This paper proposed a low-cost printed circuit board
which can be easily reconfigurable to work with dif-
ferent force-torque sensors based on strain gauges.
Moreover it has an impedance control layer stackup
to allow fast and reliable data transmission and other
methods as ground stitching are employed to reduce
electromagnetic interference. Besides, the compo-
nents distributions were made in order to carry out
a fast assembly process of SMD components using
a pick-and-place machine and a solder oven. It is
intended that this design can be useful to the user
that requires a low cost system to measure forces in
robotics applications.
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