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Fig.3 Chip size and physical drawing
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Table 1 Monitoring range of pH and EC of nutrient solution of
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I 4] P K pH Tt [ EC ji[#
Period Planting uration/d pH range EC range
ZZ11 ] Slow seedling stage 1 5.5~6.5 1000~1 200
FifE ] Planting period 2~8 55~6.5  1500~1 600
SERH Colonization period 9~15 5.5~6.5  1800~2 000
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Fig.5 Electrochemical impedance spectroscopy measurement results
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Table 2 Equivalent circuit model fitting impedance spectrum

parameter value
ZH FMk pH GG P pH & IE%
Parameter Flexible pH sensor chip ~ Glass pH sensor
ARAME ST 4
44. 4.054x1
Uncompensated impedance R,/Q 75 054x10
WL 2 9 10
Dual layer capacitors Caq/F 1.398x10 3:279x10
Rt 4 7 BEL AT
Charge transfer impedance R./Q 2308 9879
- HHT 3 -6
Diffusion impedance Zp/Q 3:275x10 6174x10
e
i 5.871x107 6.345x10"

Diffusion capacitance Cy/F
2.2 % pH R ERSR MR

FE RS PEREXT LE AR A& 6a FTom . etk pH A& B
JrTE pH E Y 2 F1 12 Abl & AL E W ES “ B A7-pH” bR
EMIZE: FME pH £ EGE Il 26 BN 2~10, RESE
15 #]-60.1 mV/pH; 7 A pH fZ &K% R BE A
—55.2 mV/pH, M ETEHA 1.68~12.46; P HMZE A E,
FHR REUAF] 0.99; pH ALK 10w B2 [H] W1 6b Fros .
ME 5 R i pH R 7E 15 s WIS B HARS BALE
[ 90%, T 75 FH pH A& 1228 1 N B 8] 240784 34 s. 2k pH
A B35 (1) RS i 7 ) 33E — D B0 AIE T 20 1 78 HL fef %
R PERE DT T AR, SEIE M T A8 Bl il H bRl

TRl 1 SE B AR Ak s oo MR e 45 R B 6¢ B, &tk pH
G TE 12 h WHIHAT B KBS 5.44 mV, 5L pH {H B
B4 0.08 pH: M H pH 14 1 HAL B KB 22
3.4mV, S pH EEHN 0.06, PR EM AT, BE
PEMASE R anE 6d Fron, etk pH AR BER7E pH=9.18
HELT K WZE, WZMEN 3 mV, pH WZEN 0.05. 7
Fl pH f2KEAE pH=2 WHHHBL T B KIWE, HALWZE RN
2 mV, pHRZHN 0036, WHHEKELIEITLHEZER; It
TP SZII E 25 B 6e Fias. PIAPERESNT Na',
K'. Ca’'. Mg™". CI#ZRIBMLmBPTTIME, T
THNJG, PRI R EEAL T LPAZE . 23 NaOH 5
HC T, 1 44 JE 3 A T 7, FEPUidtA 2 s RS .
T pH O 55 T A FAR SR B H AR A B AR O BT AR
T HERIG LS R INE 6f Fion. BHE M AL A FE
o, REFEEHIL 3 mV/pH Wiz, 7= i K221k 3
15.8 mV. etk pH & EZ 3 M VG 0°~120° 1 1%
JEC BE AR AL AT 2

R ZE AT LR g S nk 3 Fion. pH BEAEN pH
P RFIARE . M pH ARBOE A R KA TR 2ZE R
024, RAAMFHREN 6.7%. M pH LA KA L
XHRZEN 0.1, HRFXHRZEN 2.2%. FM pH AL
(KIHERPE SRS BE RN B pH RIS, (H 3R B
i

= THEpHAE I —=— M pH {4/t | Flexible pH sensor chip
500 Flexible pH sensor chip 150 1464 — i pH f&/& & Commercial pH sensor
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~200{ E 4=-60.1pH+560 R*~0.99 T pH A s 28] ¢ v \J X *\ o
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5007 1607 5007 —+— Z#70° Bending 0°
= FebkpHAE L < 1584 —e— #730° Bending 30°
4001  |Flexible pH sensor chip 1567 — ﬁmplﬂ?@?% 400 4— B H90° Bending 90°
4, 154: 1 1 f_ i Commercial pH sensor + B7120° Bending 120°
> 300+ > 152 2 g g g ! -2
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E 2001 M8 3 3 3 2 f = g
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Fig.6 Performance test results of flexible pH sensor
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Table 3 Verification and comparison of pH calibration curve error
F 1L pH A% &A% P FH pH A4 k4%

pH EL{H Flexible pH sensor glass pH sensor
PN m  dinge MM R AR MR
Measured Absolute  Relative Measured Absolute Relative
value error error/% value error error/%
3.56 3.80 0.24 6.7 3.64 0.08 2.2
4 4.19 0.19 4.8 4.05 0.05 13
5.7 5.81 0.11 1.9 5.90 0.1 1.8
7 7.10 0.10 1.4 6.92 -0.08 -1.2
9.21 9.41 0.20 22 9.28 0.07 0.8

2.3 ZMoH EREFEEERREG

FME pH ARIEGN B R R R R 4 fioR. 1E
pH N 4.01 W22 Pl e 58 A, R S s 40 °C,
FME pH & E S Rl 3.93 JHEE 4.12, pH LT
0.19. HdEpishiE A 0.023~0.043; /£ pH ~ 6.86
SR, WEVORETHE 40 °C, pH IR IR A B
0.23, R ER TGRS 0.04~0.07; £ pH N
9.18 WM, ‘SH& 40 CIERMEN 023, Hmd
SYEFE 0.03~0.043. R R GE L pH SR e 45
RS pH bR E(E KA

F4 TEIFEM pH AR RE TR

Table 4 Temperature drift characteristics of flexible pH sensor chip

4.01 6.86 9.18
T
Temperature/ C W AE YA TRt 2 AR ¥IE PRt 22 W EAE ¥IA Rz
Measured value ~ Mean value Deviation Measured value Mean value Deviation Measured value ~ Mean value  Deviation
3.88 6.98 9.27
10 3.97 3.93 0.04 6.87 6.93 0.053 9.24 9.28 0.043
3.94 6.93 9.32
4.01 6.84 9.17
25 4.05 4.02 0.03 6.89 6.85 0.04 9.21 9.18 0.033
4.00 6.82 9.15
4.05 6.79 9.08
35 4.02 4.05 0.023 6.72 6.79 0.07 9.13 9.12 0.03
4.07 6.86 9.15
4.16 6.72 9.09
50 4.13 4.12 0.043 6.62 6.7 0.06 9.04 9.05 0.043
4.06 6.76 9.01
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Design and feasibility test of a lower-impedance flexible pH sensor based
on polyaniline

Wang Liru', Li Haozhen', Wang Qiangian®, Lu Xiao®, Liu Gang', Zhang Miao®**
(1. Key Lab of Smart Agriculture Systems, Ministry of Education, China Agricultural University, Beijing 100083, China;,
2. Key Laboratory of Agricultural Information Acquisition Technology, Ministry of Agriculture and Rural Affairs,
China Agricultural University, Beijing 100083, China)

Abstract: The pH value is an essential physical and chemical parameter in crop growth. The monitoring of pH value is vital
for the regulation of crop growth environment and the increase of agricultural production and income. Considering the
problems of fragile front-end probe and slow charge transfer caused by large internal impedance in the current traditional
commercial pH sensor, a flexible sensor chip based on polyaniline sensing mediated by Single-Walled Carbon Nanotubes was
prepared by using inkjet printing technology. The flexible chip comprises a sandwich-type membrane structure, including a
polyimide substrate, a nano silver wire layer, a single wall carbon nanotube dielectric layer, and a proton acid doped
polyaniline ion-selective membrane. The differences in impedance and charge transfer between flexible pH sensor chip and
commercial pH sensor were analyzed by scanning EIS impedance at the electrochemical workstation and analyzing fitting
circuit parameters. Compared with the commercial pH sensor on the sensitivity, response time, stability, repeatability, and
anti-interference. The 0°~120° bending influences were analyzed. The feasibility was verified through the dynamic pH
monitoring in the soilless cultivation. The experimental results show that: firstly, the charge transfer impedance of the flexible
pH sensor chip was 230.8 Q. Moreover, the value of the commercial pH sensor was 9 879 Q. The charge transfer impedance of
the flexible pH sensor chip was 1/4 of that of the commercial sensor, which confirms the advantages of the flexible pH sensor
chip in the advantages of a lower impedance and a faster response. Secondly, the pH detection range of the flexible pH sensor
chip was 2~10. The sensitivity was —60.1 mV/pH. The pH detection limit of the commercial pH sensor was 1.68~12.46. The
sensitivity was —55.2 mV/pH. The performance of the flexible and commercial pH sensors was similar. The response time of
the flexible chip was about 15 s, which was significantly lower than that of the commercial pH sensor, 34 s. In the stability test,
the maximum drift of the flexible pH sensor was about 5.44 mV within 12 hours, and the maximum drift of the commercial pH
sensor was about 3.4 mV. The pH deviation of the repeatability test of the two sensors was smaller than 0.05. It demonstrated
good anti-interference to Na', K", Ca*", Mg®*, and CI". The flexible pH chip quickly responded when dripping NaOH or HCI
solution. When the flexible pH sensor was bent at 0°~120°, the sensitivity illustrated neglectable changes, and the
corresponding maximum deviation was only 15.8 mV. The bending did not affect the accuracy of the flexible pH sensor chip.
The maximum absolute error of the flexible pH sensor chip for calibration curve verification was 0.24, the maximum relative
error was 6.7%, and the corresponding pH verification value was 3.80. The maximum absolute error of the commercial pH
sensor was 0.1, and the corresponding pH verification value was 5.9. The maximum relative error was 2.2%, and the
corresponding pH verification value was 3.64. The relative errors of the flexible pH sensor chip and the commercial pH sensor
were within 6.7% and 2.2%, respectively. The temperature drift of the flexible sensor chip is less than 0.23, and its service life
is more than 14 days. Finally, the flexibility showed good consistency with the commercial pH sensor in the dynamic
monitoring of the pH in Hydroponic Lettuce cultivation. The variation range of pH values monitored by the flexible pH sensor
chip was from 5.4 to 6.3. Furthermore, the maximum pH monitoring deviation between the flexible pH sensor chip and the
commercial pH sensor was 0.12. The flexible pH sensor chip was proven with good consistency and accuracy with the
commercial pH sensor, which can quickly and accurately obtain the pH change of the measured nutrient solution.

Keywords: flexible sensing; pH; soilless culture; polyaniline; interface impedance



