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ABSTRACT This study presents a detection system with a prototype acquisition module and display
interface for capacitive plantar pressure monitoring. The detection system mainly focuses on a system-
level design (not a system on chip). The prototype acquisition module consists of commercial ICs and
self-designed chips: A capacitance-to-voltage converter (CVC) and a 10-bit fully differential successive
approximation register analog-to-digital converter are fabricated by the TSMC 0.18µm1P6M 3.3 V process.
The feature of the CVC is selectable for the detection points from 1 to 64, which is controlled by the
digital codes of a field-programmable gate array (FPGA). It also has the embedded functions of crosstalk
attenuation (CA) for cross-type capacitive sensors and a self-separated input signal for capacitive plantar
pressure monitoring. The CA can effectively reduce parasitic capacitances and influences of the temperature
and relative humidity of the environment: An M×N array only requires M + N tracks of I/O ports to
reduce detected complexity. The measured results shown on the display interfaces reveal the positions and
amplitudes (voltage swings) of the corresponding capacitances. The conversion time for one capacitance is
0.4 ms, and the maximum conversion time for 64 capacitances is 25.6 ms. A handmade cross-type capacitive
array and a cross-type capacitive plantar pressure sensor are used to demonstrate the detection system.

INDEX TERMS Acquisitionmodule, display interface, capacitance-to-voltage converter, successive approx-
imation register, analog-to-digital converter, capacitive sensor, capacitive plantar pressure sensor, crosstalk
attenuation.

I. INTRODUCTION
Capacitive sensors play an important role in many fields, such
as liquid-level measurements [1] and human body monitor-
ing (e.g., respiration and plantar pressure). Given the simple
structure of a capacitor, many features can be adopted. One
method for capacitance measurement uses the overlapped-
area variation of the conducted parallel plates to reveal the
change in capacitance. Another [2] utilizes the distance vari-
ation between conducted parallel plates to illustrate capaci-
tances. The proposed target in this study is the application of
plantar pressure monitoring.

An abnormal plantar pressure can negatively influence
gait, even affecting individuals’ quality of life. The change
of normal gait can induce a chain of adverse results, ranging
from inflicting further high pressure onto a new location of
the foot to placing individuals at a greater risk of imbalance
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and injury when walking. These results can also cause exces-
sive changes in the degree of asymmetry between the plantar
pressure of the left and right feet while walking, which further
increases the risk of plantar injury. Dynamic measures, such
as the plantar pressure distribution of the foot, can provide
valuable information about the nature of individuals’ gait.
The information of plantar pressure can help identify the
situation of plantar for curing.

Many types of multipoint plantar pressure monitoring are
available, such as capacitive, piezoelectric, piezoresistive,
and force-sensitive resistor sensors.

Capacitive sensors [3], [4] have a good AC response (vari-
able force on the sensor) and DC response (stationary force
on the sensor) due to good dielectric flexibility. Moreover,
simple capacitor structures can be easily constructed and
adjusted. However, they can be seriously influenced by tem-
peratures, and the flatness of parallel plate must sufficiently
obtain the same initial capacitance on different parallel plates.
In addition, the output ports with many detection points on
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practical applications induce hardware cost. Methods [3]–[6]
of multipoint capacitive plantar pressure sensor for monitor-
ing the plantar pressure utilize the distance variation of two
conductive parallel plates to reveal the capacitance.

Force-sensitive resistor sensors [7] are the mostly used
sensors for plantar pressure monitoring. They have features
of resistance varying inversely proportional to the pressure
and are easy to gain and use (commercial products). However,
the detection points hardly increase in a specific area.

Piezoelectric sensors [8], [9] have a good AC response but
a poor DC response. Nevertheless, they do not require exter-
nal power supply, and they are less sensitive to temperature.
In addition, the output ports with many detection points on
the practical applications induce hardware cost.

Piezoresistive sensors [10], [11] have good AC and DC
responses. However, the quantity of hardware is high because
of many output ports required.

To reach the goals of simple structure, easy implementa-
tion, and flexible application for plantar pressure monitoring,
this study develops a simple capacitive M · N type array to
achieve the functions of selectable detection points (1–64),
M + N tracks of the I/O ports, and a detection system with
a crosstalk attenuation (CA). CA can effectively reduce par-
asitic capacitances of cross-type capacitive sensors and the
influences of the relative humidity and temperature of the
environment.

The remainder of this paper is as follows. Section II
provides a detailed explanation of the proposed cross-type
capacitive sensor. Section III describes the detection system.
Section IV reveals the measurement results to demonstrate
the achievement. Comparisons of similar approaches are
described in Section V. Finally, Section VI concludes the
study.

II. CROSS-TYPE CAPACITIVE SENSOR
This study develops a simple cross-type capacitive array
(CCA) structure to demonstrate the implemented prototype,
including the acquisition module and display interfaces.
As shown in Fig. 1(a), the proposed CCA includes an SL
(copper foil tape), two attaching layers (polypropylene), a top
plate (copper foil tape), a dielectric (polyurethane), and a
bottom plate (copper foil tape). The SL can isolate the noise
of the environment and cover on the attaching layer. It is
connected to the ground; hence, a large parasitic capacitance
exists. Nevertheless, the SL is necessary to reduce the noises
(VNOISE ) of the human body and environment, although the
input signals of tracks are attenuated. The total parasitic
capacitance with 64 cells in an array is 2 nF; thus, each
parasitic capacitance connected to the ground is 31.25 pF
(Fig.1(b)). In view of the influences of parasitic capacitances,
virtual parasitic capacitors are added into the simulation by
HSPICE, where the capacitances are set to be 80 pF for
the tolerance of the distance between the SL and the top
plate. The top and bottom plates are stuck on the back-
side of the attaching layer, and the dielectric is a flexible
material between the top and bottom plates. All materials

FIGURE 1. (a) Proposed CCA. (b) Parasitic capacitance contributed by SL.

are commercial products. Moreover, the characteristics of a
capacitor can be easily presented as follows:

C = ε
A
d
. (1)

The distance (d) is varied under the fixed area (A) and
dielectric (ε); thus, it is inversely proportional to the capaci-
tance (C). Therefore, if a force is applied on the top plate, then
the distance between the conductive plates will decrease, and
C is increased with the decrease of d . A capacitive 8×8 array
is developed for the detection system to test the capability of
the prototype acquisition module.

A. SINGLE CELL OF CROSS-TYPE CAPACITIVE ARRAY
A modeling cell of array simulated by COMSOL is shown
in Fig. 2(a). The top plate connects to 3.3 V, whereas the
bottom plate connects to 0 V. An electric field (red arrows)
only exists between two plates, and the capacitance of ideal
cell is 0.5814 pF, without the shielding layer (SL) and the
fringe effect (FE), as shown in Fig. 2(b). The cell capacitance
is 0.9838 pF. Fig. 2(c) shows the condition without the SL and
with the FE. Evidently, the electric field is out of two plates
with FE. Fig. 2(d) shows the electric field distribution of the
cell with SL and FE, and the cell capacitance is 0.7902 pF.
The SL adsorbs some electric field due to connecting to 0 V;
thus, the electric field out of two plates is less than that
in Fig. 2(c), and it can effectively reduce the FE.
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FIGURE 2. (a) Model of the cell of CCA. (b) Distributions of electric field
of Fig. 2(a). (c) Distributions of electric field without SL and with FE.
(d) Distributions of electric field with SL and FE.

Table 1 shows the capacitances of the aforementioned
conditions in different distances. As shown in Fig. 3, the cell
capacitances are closer to the ideal and are inversely pro-
portional to distances (d) between two plates with FE and
SL. The sensor is applied to detect plantar pressure; thus,
relative variations of plantar pressure are important for this
application.

FIGURE 3. Effects of SL and FE to a single cell of CCA.

FIGURE 4. (a) Proposed CCA. (b) Equivalent model of Fig.4(a).

FIGURE 5. (a) Proposed CCA without a CA. (b) Equivalent model of
Fig. 5(a).

B. CCA
1) ANALYSIS OF CA
Fig. 4(a) shows the proposed CCA with eight input (T1–T8)
and eight output (B1–B8) channels. The equivalent model of
the proposed capacitive sensor is shown in Fig. 4(b). On the
basis of the structure, 64 capacitors per array are available.
Therefore, scanning all unit cells will detect 64 variations
in 64 coordinates. The size of the unit cell of the proposed
capacitive sensor is 12.5 mm ×18 mm, and the entire size of
the 64 cells is 130 mm ×140 mm.
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TABLE 1. Capacitances for different distances in different conditions.

TABLE 2. Measured parasitic capacitances with or without CA.

FIGURE 6. (a) Placement of the proposed CCA with the T1 and B1 turned
on. (b) Two tracks are available when T1 and B1 are turned on.
(c) Equivalent model of Fig. 6(b).

The proposed CCA is shown in Fig. 5(a). When the tracks
of T1 and B1 are turned on, the other tracks will float and
couple with all the capacitors of the CCA (Fig. 5(a)). Fig. 5(b)
shows the equivalent model of the proposed CCA cou-
pled with parasitic capacitances. Many parasitic capacitors

are involved in C1. To solve this problem, the proposed
capacitance-to-voltage converter (CVC) has an embedded
function of controlling all floating tracks to connect with a
common DC voltage (VCOM = 1.65 V; Fig. 6(a)). Then, only
two tracks are available in the proposed CCA (Fig. 6(b)). C1
connects with T1 and B1, and 14 capacitors and 7 shielding
capacitors connect with two terminals to be the input and
output loads, respectively (Fig. 6(c)).

Fig. 7(a) presents the model of the proposed CCA with the
SL simulated by COMSOL Multiphysics. Fig. 7(b) shows
the voltage distributions of CCA, in which C1 has a large
value of parasitic capacitance (4.3005 pF − 0.5814 pF =
3.7191 pF, where 4.3005 pF is the capacitance of the C1
measured in Fig. 7(b) due to crosstalk, and 0.5814 pF is the
capacitance of the C1 measured in Table 1). To decrease the
effect of crosstalk, the CA technique is utilized to reduce
the influence. Moreover, VTop and VBot of C1 connect to
VCOM to measure the parasitic capacitance coupled with C1
(Fig. 7(c)). The voltage distributions of sensor with the CA
is well-proportioned (Fig. 7(c)); however, the voltage distri-
butions without the CA is nonuniform (Fig. 7(d)). Moreover,
the differences between with and without CA are evident, as
shown in Table 2. The smaller the distances are, the larger
the parasitic capacitances will be without using the CA,
as shown in Fig. 7(e). In addition, using the CA can have
small and stable parasitic capacitances. Hence, the varia-
tions of parasitic capacitances can be neglected. Thus, using
the CA can effectively reduce the parasitic capacitances
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FIGURE 7. (a) Model of CCA by COMSOL Multiphysics. (b) Model of CCA
without SL and CA. (c) Model of CCA with SL and CA. (d) Model of CCA
with SL and without CA. (e) Difference of with and without CA.

coupling to the detection point. Fig. 8 shows an equivalent
model of array with the CA, and the output of array mea-
sures the capacitance of C1 with CParasitic, where CParasitic
is composed of 14 capacitances, and CT_Top is a bypass
capacitor.

FIGURE 8. Equivalent model of CCA in Fig. 7(c).

This method eliminates 49 stray capacitors; however,
14 parasitic capacitors and 7 shielding capacitors are still
attached to the terminals between the inputs (T1–T8) and
outputs (B1–B8). The ideal situation is that all cells have the
same initial capacitances and same pressures on the surface of
the CCA. However, in the actual situation, the initial capac-
itances are different because the CCA is handmade and the
pressures on the surface of CCA may be different. Thus, all
detection points will have different stray capacitors connected
to the input and output terminals.

2) INFLUENCES OF TEMPERATURE AND RELATIVE HUMIDITY
Fig. 9 shows the models of one CCA cell, which is simulated
by COMCOL Multiphysics. CT_Top1 is the total capacitance
of the top plate of one cell, CCell is the capacitance of one
cell, CT_Top2 is the total capacitance of the top plate of C1,
CT_Bottom2 is the total capacitance of the bottom plate of C1,
and CParasitic is the parasitic capacitance connected with the
C1 of CCA. CT_Bottom2 equals CParasitic because the bottom
plate only connects with CParasitic.
An equation of Reference [12] is used to simulate the effect

of different temperatures and relative humidity of the environ-
ment by COMSOL Multiphysics, as shown as follows:

εair = ε0·

[
1+

211
T
·

(
P+

48 ·S ·RH
T

)
·10−6

]
. (2)

where ε0(8.85×10−12F
/
m) is the permittivity of the vacuum,

T (K) is the absolute temperature, RH is the relative humidity
(%), P(mmHg) denotes the air pressure, and PS (mmHg)
is the pressure of saturated water vapor at temperature T .
The relative permittivity of air can be easily calculated by
Reference [12], and PS can be surveyed by Reference [13].
Finally, the parameters and equation are simulated by COM-
SOL Multiphysics, and the simulated results and figures are
shown in Tables 3–6 and Figs. 10(a)-10(d). The results reveal
that the variations are in an order of femtofarad, which can be
neglected in our application.

C. CROSS-TYPE CAPACITIVE PLANTAR PRESSURE (CCPP)
SENSOR
As shown in Fig. 11, the proposed CCPP sensor is an insole-
type pressure sensor due to the flexible structure of CCA.
Fig. 12(a) shows that an equivalent model of CCPP sensor is
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FIGURE 9. Models of proposed sensors. (a) Model of the single cell of CCA. (b) Equivalent model of Fig. 9(a). (c) Model of CCA. (d) Equivalent
model of Fig. 9(c).

FIGURE 10. (a) Variations of capacitances of single cell with T. (b) Variations of capacitances of single cell with RH. (c) Variations of capacitances of
CCA with T. (d) Variations of capacitances of CCA with RH.

similar to that in Fig. 4. Fig 12(b) shows the structure of the
CCPP sensor, and Figs. 12(c) and 12(d) show its placements
and connections. All detection points use the copper foil tape,

each detection points are connected with conductive wires,
and a commercial insole is used to be the dielectric (latex) of
the CCPP sensor. Given this application, the detection system
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TABLE 3. Capacitances of single cell with variations of RH.

TABLE 4. Capacitances of single cell with variations of T.

TABLE 5. Total capacitances of two plates and parasitic capacitances of C1 with variations of RH.

TABLE 6. Total capacitances of two plates and parasitic capacitances of C1 with variations of T.

is used to react with the relative variations of each cell of the
CCPP sensor. The data of the detection system can be used
for further analyses of the plantar pressure.

III. DETECTION SYSTEM
Fig. 13 demonstrates the block diagram of the entire detection
system, which comprises a low-dropout regulator that outputs
3.3 V for the entire system (TPS71701 with power supplied
by a 3.7 V Li-ion battery), the proposed CCA and CCPP sen-
sor, the proposed CVC, the proposed 10-bit fully differential
successive approximation register analog-to-digital converter
(SARADC), a clock generator, a single-to-differential ampli-
fier (SDA), a field-programmable gate array (FPGA), and a
personal computer (PC).

The commercial chip (oscillator LTC6900) is used as the
clock generator, and another chip (ADC driver, AD8137) is

FIGURE 11. Connections and placements of the proposed CCPP sensor.

applied to convert the input signal into a differential output.
The FPGA (Altera, DE0-nano) is adopted to divide the clock
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FIGURE 12. (a) Equivalent model of Fig. 11. (b) Structure of CCPP sensor. (c) Top view of CCPP sensor. (d) Bottom view of CCPP sensor.

FIGURE 13. Block diagram of the entire detection system.

of the clock generator, collect data from the outputs of the
10-bit fully differential SAR ADC, and transmit the data to
the PC. The CVC and the 10-bit fully differential SAR ADC
are fabricated by the TSMC 0.18 µm 1P6M 3.3 V process.

Fig. 14 shows the timing diagram of the entire detection
system. The clock generator generates the clock (CG) into
the FPGA. Then, the FPGA divides CG into nine clocks (i.e.,
INPUT_SIGNAL, CLKADCS, CLKSC, and D1–D6). The
clock (INPUT_SIGNAL) senses the cell capacitances of the
proposed capacitive sensor. The clocks (D1–D3) control
the demultiplexer (DEMUX) to separate the input signal into
the determined channels (T1–T8). Subsequently, the clocks
(D4–D6) control themultiplexer (MUX) to collect the outputs
of the proposed capacitive sensor into the input (VBC ) of
the capacitance-to-voltage (CV) circuit. The CV circuit then
amplifies VBC as VCV . The switched-capacitor (SC) circuit

is used to sample VCV , and the gain stage (GA) will amplify
VCV , which outputs VGA and is transformed to the differential
signals (Vip and Vin) by the SDA. The differential signal
will be transformed into 10-bit digital codes by the 10-bit
fully differential SAR ADC. Finally, the digital codes are
transmitted to the PC through the universal asynchronous
receiver/transmitter (UART) of the FPGA.

The conversion time is controlled by CLKSC, as shown
in Fig. 14. The fastest controlling clock (D4) of the CCA
is 1.25 kHz (0.8-ms); thus, each cell only needs a half
cycle (0.4 ms) of D4 to be converted. Moreover, the con-
version time for one capacitance is 0.4 ms (0.2 ms for
the capacitance conversion to voltage and 0.2 ms for
the prototype acquisition module to reset). The maximum
conversion time for 64 capacitances is 25.6 ms (0.4 ms
multiplied by 64).
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FIGURE 14. Timing diagram of the entire detection system.

A. FPGA
Fig. 15(a) shows the structure of the FPGA digital core. The
UART format is N-8-1, and the baud rate is 230400 bit/s
in the proposed structure. When CG is inputted into the
clock divider, the input (INPUT_SIGNAL) and controlling
signals (CLKADCS, CLKSC, and D1–D6) will be produced.
Baud_Tick configures the baud rate of the UART. The out-
puts (ADO10–ADO1) are applied in the UART transmission
queue, whereas the acquisition signal (AR) is at the positive
edge. The signal (Queue_Index) will enable the transmission
controller to trigger the UART transmitter to transmit the
data of the UART transmission queue. Fig. 15(b) shows the
format configuration of the UART containing three packets,
namely, the header, address codes (D1–D6), and digital codes
(ADO10–ADO1).

B. CVC
In this study, a conventional two-stage operational ampli-
fier (OPA) [14] is utilized in the entire analog block.
Table 7 presents the OPA specification. The CVC com-
prises the DEMUX, MUX, CV circuit, SC circuit, and GA.
Fig. 16 shows the detailed circuits. The resistors are external
components for adjusting the resistances to fit the required
gain for the proposed CCA and CCPP sensor.

1) DEMUX/MUX
DEMUX is used to separate the input signal into the deter-
mined channel (controlled by digital signals D1–D3) on the
top plate, and the output signals of the determined channel

FIGURE 15. (a) Structure of the FPGA. (b) Format of UART_TX.

TABLE 7. Simulation of two-stage OPA.

(controlled by digital signals D4–D6) on the bottom plate are
converged into the output (bottom convergence, VBC ) of the
MUX, as shown in Fig. 17. The transmission gates (TGs) are
a dual-direction circuit controlled by the MUX/DEMUX.

2) CV CIRCUIT
Fig. 16(a) illustrates the CV circuit with CARRAY = CREF
= C and R1. VNOISE is the noise coupled by the SL (if
an object with static electricity is placed on the capacitive
sensor). VBC + VNOISE is the noise coupled by the capacitive
sensor with VBC . Then, the equation is presented as follows:

VCV = R1 × sC × [VNOISE − (VBC + VNOISE )] , (3)

VCV = −R1 × sC × VBC . (4)

If R1, s, and VBC are fixed, then C will be proportional to
VCV . Given this feature, the force on the proposed capacitive
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FIGURE 16. (a) Schematic of the CV circuit. (b) Schematic of the SC circuit.
(c) Schematic of the GA.

FIGURE 17. Controlling method of MUX/DEMUX.

sensor will be proportional to the magnitude of VCV . In an
actual situation, CARRAY and CREF are not equal because
CARRAY is varied by the distance (d) and CREF is fixed.

3) SC CIRCUIT
Fig. 16(b) shows the SC circuit. The amplifier is connected
with two capacitors (C1 = C2 = C). In the sampling
mode (φ1 on and φ2 off), a virtual ground is established at
the node (VX ), and the voltage across C1 and C2 is allowed
to track VCV . The total charge on C1 and C2 is equal to 2
CVCV . Given that the voltage across C2 approaches zero in

TABLE 8. Measured voltages of with and without the CA.

the amplification mode (φ1 off and φ2 on), the final voltage
across C1 results in an output voltage (VSC ) approximately
equal to 2 CVCV .

4) GA
Fig. 16(c) demonstrates the GA by using the superposition
theorem, which can be expressed as follows:

VGA =
R3
R2

(VCOM − VSC ). (5)

Therefore, VGA is proportional to VSC with the gain of
R3/R2.

C. CA AND SELF-SEPARATED INPUT SIGNAL
As shown in Fig. 18(a), the block diagram of CA consists
of TGs, inverters (INVs), the DEMUX, the MUX, and the
CCA. In addition, all circuits are on chip except the CCA.
INPUT_SIGNAL connects to a terminal of the TGs, and the
TGs are controlled by the DEMUX (controlled by digital
codesD1–D3). Moreover, INPUT_SIGNALwill be separated
into several segments by controlling the DEMUX through
the digital codes (D1–D3), which is called a ‘‘self-separated
input signal’’ (Fig. 18(a)). The external commercial ICs of
References [8]–[11] can also be used to separate the input
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FIGURE 18. Introduction of CA function. (a) Block diagram of the CA with a CCA. (b) Example for the
procedure of CA.

FIGURE 19. Deviation with or without the CA circuits under different positions.
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FIGURE 20. Schematic of the proposed 12-bit fully differential SAR ADC.

FIGURE 21. GUI of the proposed display interface by MATLAB.

signal; however, the complexity and area of modules will
be higher. VBC is used to collect the variations of the CCA
controlled by the MUX through digital codes (D4–D6).

The procedure of CA is shown in Fig. 18(b). For instance,
the detection coordinate (T1, B1) is the current target; there-
fore, the input channel (T1) and the output channel (B1) will
be turned on. Then, other channels (black boxes) will be
turned off and connected to VCOM . The following procedure
has been described in Section II, Subsection B1.

To verify the CA, HSPICE is used to simulate the effect.
A CCA is composed of the embedded capacitors of HSPICE,
as shown in Fig. 4(b). Sixty-four capacitances (from 4 pF to
0.0625 pF) of the CCA decreased by a step of 0.0625 pF. A
virtual CVC (functions as self-designed CVC) is utilized to
convert capacitances to voltages. Table 8 shows the measured
voltages (Vcap) of the virtual CVC with or without the func-
tion of CA. The deviation between with and without CA illus-
trates the decreasing quantity of the parasitic capacitances,
as shown in Table 9. Fig. 19 indicates that the 64 capacitances
range from 4 pF to 0.0625 pF.

D. 10-BIT FULLY DIFFERENTIAL SAR ADC
Fig. 20 shows the block diagram of the proposed design of
12-bit SAR ADC, which consists of bootstrapped switches
[15], a dynamic comparator, capacitive digital-to-analog con-
verters, and SAR control logic. The entire circuit is a typical
12-bit fully differential SAR ADC, and a monotonic switch-
ing procedure [16] is selected for this circuit. Due to the
application, only the maximum 10-bit are used to digitalize
the CVC output.

TABLE 9. Absolute error of with and without the CA.

The operation can be simply divided into two phases,
namely, sampling and conversion. Given that the operation
is a fully differential structure, the operation of positive and
negative sides is complementary. Hence, only the positive
side of the operation is described below.

First, at the sampling phase, all the bottom plates of capac-
itors are reset to Vref, and the input signal (Vip) is sampled
on the top plates of capacitors (V+) through the bootstrapped
switches.

Second, the operation enters the conversion phase, where
the comparator directly works on the first comparisonwithout
switching any capacitors after the bootstrapped switches are
turned off. The comparator determines ifV+ is larger thanV−.
If so, then the most significant bit (MSB) is 1, and the bottom
plate of the largest capacitor at the positive side is switched to
the ground, resulting in V+(n) = V+(n−1)−Vref/2. Simulta-
neously, the bottom plate of the largest capacitor at the nega-
tive side remains unchanged, resulting in V−(n) = V−(n−1).
Otherwise, the MSB is 0, and the bottom plate of the largest
capacitor at the positive side remains unchanged, resulting in
V+(n)=V+(n−1). Meanwhile, the bottom plate of the largest
capacitor at the negative side is switched to Vref, resulting in
V−(n) = V−(n−1) – Vref/2. This procedure will be executed
iteratively until the least significant bit (LSB) is determined.
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FIGURE 22. Entire detection system with the proposed CCA.

TABLE 10. Measured capacitances of commercial capacitors with an LCR meter.

FIGURE 23. Chip photographs. (a) All circuits of the proposed CVC. (b) All
circuits of the proposed 12-bit fully differential SAR ADC.

E. DISPLAY INTERFACE
As shown in Fig. 21, the display interfaces are implemented in
the graphical user interface (GUI) of MATLAB, and the mea-
sured results are the real-time display. The GUI has diagrams
for the address (top), amplitude (media), and color tempera-
ture map (bottom). The capacitance table corresponds to the
color temperature map. When the color is warm, the capaci-

tance is large. The icon (START) will trigger all the diagrams
to display, the icon (PAUSE) will force all the procedures
to suspend and hold, the icon (CLEAR) will clean all the
diagram and data, and the icon (EXIT) will close the GUI.

IV. MEASUREMENT
As shown in Fig. 22, the entire detection system includes
the proposed CCA, prototype acquisition module, and FPGA.
Fig. 23 shows the chip photographs of the CVC and 10-bit
fully differential SAR ADC.

A. CVC
Fig. 24 presents a man pressing one cell on the proposed
CCA, and the measured result is displayed on the screen of
an oscilloscope (KEYSIGHT DSO-S 054A). The coordinate
(T2, B8) of the pressed point can be easily realized due
to the digital codes (D1, D3, and D4). The detection range
of the prototype acquisition module is set to 0–6 pF. The
demonstrated procedure is described as follows.

Initially, five testing capacitors (commercial capacitors,
capacitances= 1–5 pF) are used to standardize the prototype
acquisition module. These testing capacitors are then applied

VOLUME 8, 2020 42645



T.-M. Tsai et al.: Detection System for Capacitive Plantar Pressure Monitoring

TABLE 11. Measured voltages of commercial capacitors with the prototype acquisition module.

TABLE 12. Relative errors of commercial capacitors according to linear equation (6).

TABLE 13. Relative errors of table 10 according to linear equation (6).

to an LCR meter (KEYSIGHT E4980AL) to measure the
actual capacitances of the testing capacitors. Finally, the pro-
posed cross-type capacitive sensor is connected to the proto-
type acquisition module.

Fig. 25 illustrates the measurements of the testing capac-
itors. The capacitances of the testing capacitors are 1.177,
2.246, 3.045, 3.923, and 5.405 pF for Group 1, and the
testing capacitors are individually connected to one channel,
as shown in Fig. 25(a)–25(e), respectively. Then, the corre-
sponding voltages are measured and the linear equation is
calculated using MATLAB. Table 10 presents the measured
capacitances (measured by the LCRmeter) of the commercial
capacitors, which are marked 1–5 pF, and they are separated
into nine groups. Table 11 lists the corresponding voltages
of the measured capacitances with the prototype acquisition
module.

By using the function of the curve fitting by MATLAB,
the linear equation is

Capacitance = 1.7576×Voltage− 0.2307. (6)

After calculation, Table 12 shows the relative errors of the
commercial capacitors relative to the linear equation, and Fig.
26 plots the data and linear Equation (6). The data of the nine
groups have the same trend. Measured results will be pol-
luted because the environment of measurement has different
noises, such as instrumentation, Wi-Fi, and electrical noise of
power supply. Table 10 is correlated with Table 11, as shown

in Table 13. The relative errors in Table 13 are similar to
Table 12 because the measured voltages of Table 11 are
calculated by linear Equation (6). Another reason of higher
relative errors is that the small value of linear Equation (6)
results in the large difference, even if differences between
small capacitances and linear Equation (6) are same as the dif-
ferences between large capacitances and linear Equation (6).

B. CCPP SENSOR
The capacitances to pressures of CCPP sensor is illustrated
in Table 14, and a linear equation (curve fitting) is calculated
using MATLAB, which can be expressed as follows:

Capacitance(pF) = 0.0016×Pressure(kPa)+ 3.6853. (7)

As shown in Fig. 27(a), each cell of the CCPP sensor has
differences between each other due to process variation; how-
ever, each cell nearly has the same trend on the measurement
of pressure. Table 15 shows the relative errors of CCPP sensor
according to linear Equation (7). The differences between
each cell of CCPP sensor and linear Equation (7) are shown
in Table 16 and Fig. 27(b).

Table 17 shows the relative errors according to the follow-
ing fitting curve equation:

Capacitance(pF) = −4.2171×10−7×Pressure2(kPa2)

+0.0027×Pressure(kPa)+ 3.1656. (8)
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FIGURE 24. Pressing a cell on the proposed CCA to show the result on an
oscilloscope.

Table 18 shows the differences between Table 14 and
Equation (8). The display value on the display interface is
converted by an equation. Thus, Equation (8) can be utilized
to be a compensated transfer function to approximate the
trend as Table 14. Fig. 28 shows the capacitances of CCPP
sensor relative to Equation (8).

Fig. 29(a) shows a foot placed on the surface of the pro-
posed CCPP sensor with the prototype detection system, and
the measured result is revealed on a display interface depicted
in Fig. 29(b).

C. 10-BIT FULLY DIFFERENTIAL SAR ADC
Fig. 30(a) demonstrates the measured output power spectrum
of the proposed SAR ADC when a 113.2 Hz and 3.2 Vpp
sinusoidal input is applied, and the sample rate is 5 kHz with
a supply voltage of 3.3 V. Moreover, 32768 FFT points are
computed. The measured signal-to-noise and distortion ratio
and spurious-free dynamic range are 58.16 and 74.89 dB,
respectively. Fig. 30(b) displays the measured differential

FIGURE 25. Using testing capacitors for calibration with capacitance of
(a) 1.177 pF, (b) 2.246 pF, (c) 3.045 pF, (d) 3.923 pF, and (e) 5.405pF.

nonlinearity (DNL) and integral nonlinearity (INL), which
are less than 1 LSB.

D. DISPLAY INTERFACE
Given the high stress of the proposed CCA, Fig. 31 shows a
weight used to generate force on the CCA. The measurement
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FIGURE 26. Comparison of nine groups with the linear equation (6).

FIGURE 27. (a) Capacitances of CCPP sensor relative to pressures with
linear Equation (7). (b) Differences between each cell of CCPP sensor and
linear Equation (7).

of the CVCoutput is demonstrated on the oscilloscope screen,
and the real-time variations of the CCA are shown on the
GUI of a laptop via the FPGA. The color temperature map
displays the bottom shape of the weight. The measurement
result reveals the achievement of the proposed CCA and the
detection system.

V. DISCUSSION
The capacitances of a group of commercial capacitors
(1–5 pF) measured by an LCR meter are 1.109, 2.147, 3.035,
4.047, and 5.252 pF. The voltages via the CVC of the group
are measured 10 times, as shown in Table 19. The linear
equation of the group is calculated by MATLAB, as shown
as follows:

Voltage = 0.5296×Capacitance− 0.0932. (9)

TABLE 14. Capacitances relative to pressures of CCPP sensor.

The relative errors of the group according to linear Equa-
tion (9) is shown in Table 20, and the differences between
the group and linear Equation (9) are shown in Table 21. The
maximum positive relative error is 6.23%, and the maximum
negative relative error is −14.41%. As shown in Fig. 32,
the relation of capacitances and Equation (9) is calculated by
MATLAB.

Tables 22 and 23 respectively show the relative errors
and the differences of one group of commercial capacitors
according to the following curve equation (cubic equation in
one unknown):

Voltage = −0.0044·Capacitance3 + 0.0132·Capacitance2

+0.5966·Capacitance− 0.2365. (10)

Fig. 33 shows the calculation by MATLAB. The transfer
function can utilize Equation (10); thus, repeatability will be
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FIGURE 28. (a) Capacitances of CCPP sensor relative to pressures with the curve Equation (8). (b) Differences between each cell of CCPP sensor
and the fitting curve Equation (8).

TABLE 15. Relative errors of CCPP sensor according to linear equation (7).

precise, which can be expressed as

Repeatability = 100%− (RECF+ − RECF−)

= 100%− (4.48%+5.79%)=89.73%, (11)

TABLE 16. Differences of each cell of CCPP sensor according to linear
equation (7).

where RECF+ and RECF− are the maximum positive and
negative relative errors of commercial capacitors according
to Equation (10), respectively.
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FIGURE 29. (a) Foot placed on the CCPP sensor with the detection system. (b) Display interface for CCPP sensor.

FIGURE 30. Measurements of the proposed SAR ADC. (a) Power. spectral
density of the proposed SAR ADC. (b) DNL and INL of the proposed SAR
ADC.

To compare with similar approaches of plantar pressure
monitoring, parameters as range of sensing capacitance,

FIGURE 31. Weight used to generate force on the proposed CCA. The
measured results are shown on the display interface.

minimum sensing step, power consumption, accuracy, non-
linearity, sensitivity, and repeatability are shown in Table 24.
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FIGURE 32. One group of commercial capacitors. (a) Measurement of the same group of commercial capacitors by 10 times
with linear Equation.(9). (b) Differences between measurements and linear Equation (9).

TABLE 17. Relative errors of CCPP sensor according to curve equation (8).

To obtain the minimum sensing step, the procedure is
described as

TCCV =
Capacitance
Voltage

=
1

0.5296
pF/

V = 1.888pF
/
V, (12)

1.888pF
/
V =

CMINI
3.226mV

→CMINI = 6.091 fF, (13)

TABLE 18. Differences of each cell of CCPP sensor according to curve
equation (8).

Minimum Sensing Step = CMINI× [1+ (RE+ − RE−)]

= 6.091× (1+ 6.23%+ 14.41%) = 7.348fF. (14)
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FIGURE 33. One group of commercial capacitors. (a) Measurement of same group of commercial capacitors by 10 times with curve equation (10).
(b) Differences between measurements and curve equation (10).

TABLE 19. Measured voltages of commercial capacitors.

TABLE 20. Relative errors of commercial capacitors according to linear equation (9).

TABLE 21. Differences of commercial capacitors according to linear equation (9).

where TCCV is the transfer coefficient of Equation (8);
3.226 mV is the 1 LSB of the 10-bit SAR ADC; CMINI is
the corresponding capacitance of 3.226 mV;RE+ andRE− is
themaximumpositive and negative relative errors in Table 20,
respectively. Thus, the minimum sensing step is 7.348 fF with
RE+ and RE−.

Accuracy is calculated as follows:

Accuracy = 100%− 14.41% = 85.59%. (15)

where 14.41% is the maximum relative error in Table 20.

Another transfer coefficient (TCPC ) of pressure to capac-
itance can be obtained in Equation (16). Let the minimum
sensing step be multiplied by TCPC , and the sensitivity can
be gained using Equation (17).

TCPC =
Pressure

Capacitance
=

1
0.0016

kPa/
pF = 625kPa

/
pF

(16)

Sensitivity = Minimum Sensing Step×TCPC

= 7.348×10−3 × 625 = 4.59kPa (17)

42652 VOLUME 8, 2020



T.-M. Tsai et al.: Detection System for Capacitive Plantar Pressure Monitoring

TABLE 22. Relative errors of commercial capacitors according to curve equation (10).

TABLE 23. Differences of commercial capacitors according to curve equation (10).

TABLE 24. Comparisons of similar approaches of plantar pressure monitoring.

TABLE 25. Comparisons of similar capacitive acquisition modules for multipoint detection.

Table 24 shows the comparisons of similar approaches with
the proposed method in this work; these approaches do not
have considerable information. Moreover, other approaches

all use theM +N structure; thus, they need double wires for
connection. Only the proposed method in this work use the
M × N structure to reduce wires and hardware.
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Table 25 presents a comparison, and the methods of the
listed References [20]–[22] are similar to this approach with
multipoint detection. The comparison reveals that theM ×N
array is used in References [20] and [21], and the quantity
of DEMUXs is considerable (the input ports for sensors to
receive input signals). In this work, the self-designed CVC
has integrated several circuits. Therefore, the area including
the acquisition module and idle pins can be reduced. The
calculation of the linear equation of Table 14 is revised by
Equations (18) and (19).

Capacitance(pF) = 0.0094×Pressure(N)+ 3.6853 (18)

Sensitivity =
Capacitance
Pressure

= 0.0094pF
/
N (19)

VI. CONCLUSION
This study presents the detection system of the capacitance
measurement for capacitive plantar pressure monitoring. The
proposed detection system consists of a prototype acquisi-
tion module with a display interface and handmade cross-
type capacitive sensors (i.e., cross-type capacitive array and
cross-type capacitive plantar pressure sensor) for demonstrat-
ing the entire detection system. The supply voltage of the
entire detection system is 3.3 V. The feature of the CVC is
selectable for the detection points from 1 to 64, and it has the
embedded functions of the CA and the self-separated input
signal for capacitive sensors. The embedded function of CA
can effectively reduce parasitic capacitances and influences
of the temperature and relative humidity from the environ-
ment. The measured results shown on the display interfaces
reveal the positions and amplitudes of the corresponding volt-
ages. The conversion time for one capacitance is 0.4 ms,
and the maximum conversion time for 64 capacitances is
25.6 ms. These findings indicate that real-time capacitive
pressure sensors can be achieved.
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