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Study on a new nitrogen nutrition detection sensor based on stem puncture
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Abstract

This report presents a wearable nitrogen (N) detection sensor based on a stem puncture methodology. Analysis of
variance (ANOVA) was employed for statistical evaluation of the experimental data, and the relationship between
stem mechanical characteristics and different N treatments was analyzed. The results showed that determination
coefficients (R?) of the N detection models based on stem penetration and epidermal break distance were signifi-
cantly lower compared to the model based on stem epidermal penetration. Consequently, the latter model was
selected for further development. This study developed a wearable detection sensor for N nutrition by combining
the detection model, a 3D-printed fixed skeleton, and a micro motor. The efficacy of the sensor was high in N
detection, with R* and RMSE values of 0.9046 and 12.3 g, respectively, based on a 1:1 straight line. These results
were comparable to established N content estimation methods employing spectral technology (R* range: 0.882—
0.980). Furthermore, experimental observations indicated that the wearable sensor had minimal adverse effects
on Cucumis sativus growth. Therefore, the proposed wearable N detection sensor was demonstrated to be simple,
sensitive, and biocompatible, offering a viable approach for rapid detection of stem mechanical characteristics for
crop nutrition.
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Introduction

With the rapid development of computer technology,
sensor technology, and information processing technol-
ogy, wearable intelligent sensors that can detect body
movements or health without restricting or interrupt-
ing human movements have garnered significant atten-
tion in the global research community (KIM et al., 2017).
Building upon these developments, researchers have

begun to investigate wearable information acquisition
sensors that are flexibly attached to plant surfaces to
replace traditional rigid sensors and reduce damage to
plants (CHAI et al., 2021). Previous studies have estab-
lished that non-contact monitoring approaches, par-
ticularly optical and remote sensing technologies, have
been widely adopted as principal methods for nitro-
gen status diagnosis due to their demonstrated advan-
tages in non-destructive analysis, rapid assessment, and
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high-throughput capacity. However, these techniques
are inherently vulnerable to environmental interfer-
ence. By contrast, wearable sensing technology provides
enhanced temporal and spatial resolution. Notably,
emerging flexible sensors have attracted considerable
research interest in crop phenotyping applications owing
to their remarkable mechanical adaptability and biocom-
patibility. Recent advancements in flexible material-based
electrochemical and optical sensors have evidenced
significant progress in monitoring parameters includ-
ing individual plant growth dynamics, foliar moisture
content, and transpiration rates. Despite these develop-
ments, substantial breakthroughs in the detection of
essential crop macronutrients have yet to be achieved
(Yan et al., 2024).

Surface-attached sensors

Although the development of wearable sensors for
plants lags behind that of intelligent sensors for humans,
numerous studies have demonstrated their efficacy in
monitoring leaf surface microclimate parameters and
plant organ morphogenesis (Chai et al., 2021). However,
the requirements for plant volume were relatively strict,
which limited the further development of this technol-
ogy in the field of plant wearable sensors. Tang (Tang
et al., 2019) developed a flexible GM/CNTM sensor with
nanoscale detection precision, which consisted of a latex
substrate at the bottom, a graphite membrane (GM) in
the middle, and a carbon nanotube membrane (CNTM)
on the top. The sensor exhibits dimensional adaptability
to plant growth, with mechanical deformation induc-
ing measurable resistance variations, thereby transduc-
ing growth kinetics into quantifiable electrical signals.
This successfully converted the mechanical deformation
caused by plant growth into a change in resistance. The
advantage of this sensor lay in its ability to simultane-
ously overcome the limitations of GM, which could not
withstand strain loads exceeding 50%, and CNTM, which
tended to break into fragments and detach from the sur-
face when stretched. This was achieved because carbon
nanotubes could promptly fill the cracks formed in the
graphene membrane during stretching. This synergistic
enhancement effect enabled the strain limit of the car-
bon nanotube/graphene sensor to reach 150%. Kim et al.
(2019) directly imprinted polymer electrodes on the sur-
face of living plants, and then detected crop growth by
analyzing the bioimpedance spectrum of the polymer
electrodes. While these polymeric interfaces maintain
stable adhesion during plant development without sig-
nificantly compromising physiological processes, their
implementation necessitates specialized deposition sys-
tems for high-temperature aerosol jet printing or vapor-
phase polymerization.

Nitrogen nutrition detection sensor

Invasive sensors

Gao et al. (2024) systematically summarized intelligent
wearable sensors based on organic electrochemical tran-
sistors (OECT) and emphasized their tunable synthesis,
easy deposition, and excellent biocompatibility. Diacci
et al. (2021) embedded an enzyme biosensor based on
an electromechanical transistor into the vascular tissue
of trees to monitor sugar fluctuations inside the trunk.
However, this method is highly susceptible to interfer-
ence from plant healing reactions and can only continu-
ously monitor for 48 hours.

Stem sensors

Wearable plant sensors affixed directly on plant leaves
or stems can accurately and conveniently analyze the
health status of plants by detecting various biomarkers
or microenvironmental parameters and converting them
into quantifiable electronic signals (Chen et al., 2023).
Nitrogen (N), as the fundamental constituent of nucleic
acids, phospholipids, and proteins, is an essential ele-
ment for the formation of cell nuclei, cell membranes,
and chlorophyll in living organisms, and is also the basis
for the biological characteristics of living organisms
(Sevanthi et al., 2021). Thus, precise detection of N nutri-
tion based on wearable plant sensors plays a crucial role
in analyzing crop health and improving crop yield and
quality. A study revealed that the mechanical character-
istics of stem thorns are closely related to the content of
cellulose and lignin, with cellulose having a more signif-
icant influence (Liu et al., 2024). Additionally, the study
pointed out that cucumber stems healed 74% within
25 hours, and their growth and development were mini-
mally affected by puncture. This suggests that obtaining
stem mechanical characteristics through puncture has
considerable potential for accurately analyzing crop N
nutrition. However, currently there are very few reports
on the application of wearable stem sensors—especially
those assessing stem mechanical characteristics—in
nutritional detection, and there is a lack of stem mechan-
ical detection models and sensors that can indicate the
degree of nutritional stress.

Therefore, this study developed a wearable sensor for
detecting stem mechanical characteristics with simple
preparation and minimal harm to plants by construct-
ing a nitrogen detection model based on stem mechan-
ical characteristics. This research provides a theoretical
foundation and practical detection methods for applying
stem analysis in crop nutrient information detection.
Furthermore, ion-selective electrodes have become a
research hotspot in wearable crop sensors. The com-
bination of the sensor developed in this study with
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ion-selective electrodes holds great potential to signifi-
cantly advance research on precise crop information
analysis in the future.

Materials and Methods
Test location and details

The experiment was conducted in a Venlo-type green-
house at the Key Laboratory of Modern Agricultural
Equipment and Technology of the Ministry of Education,
Jiangsu University, from May 2023 to July 2023. The
research object was “Jinyou No.1” cucumber cultivated
by Tianjin Academy of Agricultural Sciences. Seedlings
were raised in a plastic hole tray on May 4, 2023, and
cucumber seedlings with true leaves were transplanted
into a plastic basin filled with 8 L of perlite on May 19.

Experiment design

The experiment was conducted according to the previous
study (Hou et al., 2021) with a small modification. On
the 10th day post-transplantation, plants were divided
into experimental groups, each comprising 20 cucumber
specimens. Data collection commenced seven days after
group allocation. The nutrient solution was the Yamazaki
formula, and it was applied once daily between 8:00 and
9:00 in the morning, with a dosage of 600 milliliters each
time (Liu et al., 2022; Wang et al., 2020). The standard
nutrient solution contained 168 mg/L nitrogen (N) and
234 mg/L potassium ions (K*). N treatment was set at
eight levels: 0%, 25%, 50%, 75%, 100%, 125%, 150%, and
175%, while potassium (K) treatment was set at three
levels: 50% (low K, LK), 100% (medium K, MK), and 150%
(high K, HK). A total of 24 treatment groups were set up
in the experiment, and the puncture mechanical charac-
teristics of cucumber stems were obtained and used to
construct an N nutrition detection model for greenhouse
cucumbers.

Puncture Test

The experimental method described by Liu et al. (2024)
and the texture analyzer (TA-XTPLUS, Stable Micro
System, UK) were used to obtain puncture data. Each
plant was repeatedly punctured three times. The penetra-
tion speed was 2 mm-s~, the minimum perception force
was 5 g, and the puncture depth was 10 mm. The punc-
ture was selected at the middle position of the internode,
and the puncture probe was facing the axis of the stem.

According to the analysis results of a previous study, epi-
dermal toughness and brittleness were not suitable for

constructing N nutrient detection models for greenhouse
cucumbers (Liu et al., 2024). Therefore, N detection
models based on epidermal penetration, epidermal break
distance, and stem penetration were established and used
for analysis.

These three mechanical characteristic parameters of stem
puncture are defined based on previous research (Camps
et al., 2005; Liu et al., 2022). The classic force curve of
cucumber stem puncture obtained through puncture
experiments is shown in Figure 1 (Liu et al, 2024).
Among them, (1) was the first peak; (0—1) was the oper-
ating distance of the first peak; and (2) was the maximum
peak value. Thereby, the first peak of the puncture curve
(1) is defined as the epidermal penetration force (g), the
running distance of the first peak (0 to 1) is defined as the
epidermal break distance (mm), and the maximum peak
(2) is defined as the stem penetration force (g).

Statistical analyses

Each experiment was repeated more than three times.
Data were analyzed using analysis of variance (ANOVA)
in SPSS 18 (SPSS Inc., Chicago, Illinois, USA) to investi-
gate the performance of the detection method based on
stem mechanical characteristics and its impact on plant
growth. The Least Significant Difference (LSD) test was
used to determine significance at a significance level of
p < 0.05.

N nutrient detection models

Construction of N nutrient detection models

According to the analysis (Liu et al., 2024), the mechani-
cal characteristics of stems exhibited a significant indica-
tive effect on the amount of N application, laying a solid
foundation for utilizing stem mechanical characteristics
in N diagnosis. Due to the inapplicability of employ-
ing epidermal toughness and brittleness to construct N
nutrient detection models for greenhouse cucumbers, N
detection models based on epidermal penetration, epi-
dermal break distance, and stem penetration were ulti-
mately established and employed for analysis.

In the experiment, each treatment included 10 cucumber
plants, with a total of 240 samples. Eight cucumber plants
were randomly selected for each treatment, forming a
modeling set of 192 samples to construct an N nutrition
detection model for cucumbers. The remaining 48 sam-
ples, along with 72 independent samples, formed the val-
idation set to verify the effectiveness of the model. The
N detection model based on epidermal penetration force,
epidermal break distance, and stem penetration force is
shown in Table 1.
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Figure 1. Puncture curve of a greenhouse cucumber stem measured using a texture analyzer (Liu et al., 2024).
Table 1.  Nitrogen nutrition was measured by mechanical characteristics of stem.
Application of K X Detection model R?
MK Epidermal penetration force y=-8.36x,+410.23 0.9655
Epidermal break distance y=1908.97x,-253.04 0.8583
Stem penetration force =-1.24x,+289.62 0.9099
HK Epidermal penetration force y=-5.22x,+293.93 0.9509
Epidermal break distance y=—1974.56x,+408.44 0.8699
Stem penetration force y=1.51x,+348.44 0.8454
LK Epidermal penetration force y=—13.98x,+606.26 0.909
Epidermal break distance y=—1602.70x,+477.69 0.8267
Stem penetration force y=-1.80x,+338.09 0.7608

Note: y represents the degree of N stress, x;,

From Figures 2A-C, it is evident that under MK, LK, and
HK treatments, the R* of the N detection model based
on stem epidermal penetration was 96.55%, 95.09%, and
90.9%, respectively. These results indicate good model
efficacy for N supply assessment regardless of indepen-
dent or combined N-K stress conditions. According to
Figures 2D-F, under MK, LK, and HK treatments, the R?
values of the N detection model based on stem penetra-
tion were 90.99%, 84.54%, and 76.08%, respectively. This
indicates that the detection accuracy of stem penetration
on N application was significantly lower than that of the
N detection model based on stem epidermal penetration.

According to Figure 3, under MK, LK, and HK treat-
ments, the R* values of the N detection model based

X, and x, represent epidermal penetration, epidermal break distance and stem penetration.

on epidermal break distance were 0.8583, 0.8699, and
0.8267, respectively, and these values were still lower
than those of the N detection model based on epidermal
penetration. Additionally, under MK treatment, the epi-
dermal break distance of stems was positively correlated
with N application, while under LK and HK treatments,
inverse relationships were observed. The reason could be
that under MK treatment, K supply was sufficient, so the
epidermal break distance of cucumber stems was mainly
influenced by the content of structural carbohydrates
and the composition of the cell wall structure. With the
increase of N application rate, the content of cellulose
and lignin in cucumber stems gradually decreased, lead-
ing to a decrease in the compactness of cell walls (Xue
et al., 2016). Therefore, the epidermal break distance
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ment, (F) N stress under LK treatment. The model based on epidermal penetration demonstrated optimal performance, main-
taining stable predictive accuracy under both individual and combined N-K stress conditions. This minimally invasive approach
only requires epidermal penetration, causing negligible plant damage while promoting rapid wound healing. The stem penetra-
tion force-based model showed inferior performance, with its R? for nitrogen detection declining to 76.08% under HK treatment.
Furthermore, the necessity of complete stem penetration significantly reduces its practical applicability in field conditions.

of cucumber stems was positively correlated with the
amount of N applied under MK treatment.

According to the above analysis, the R* of the N detection
models based on stem penetration and epidermal break dis-
tance were significantly lower compared to the N detection
model based on stem epidermal penetration. Specifically,
the R? of the N detection model based on epidermal break

distance did not exceed 0.87 under MK, LK, and HK treat-
ments. Moreover, because the response of cucumber stem
epidermal break distance to N application under LK and
HK treatments was mainly affected by the water status of
epidermal cells, cell osmotic pressure balance, and intercel-
lular space, the detection accuracy of the model based on
epidermal break distance was easily reduced due to inter-
ference from crop K* transport mechanisms.
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Figure 3. N stress detection model based on stem epidermal break distance. The model based on epidermal break distance
exhibited the weakest performance among all evaluated models, with R? values consistently below 87% across all experimental
conditions. (A) Relationships between epidermal break distance and N stress under MK treatment; (B) N stress under HK treat-

ment; (C) N stress under LK treatment.

The N detection model based on stem penetration
achieved an R? of over 0.9 under MK treatment, but the
R* under HK treatment was only 0.7608, markedly lower
than the 0.909 of stem epidermal penetration. Moreover,
the N detection model based on stem penetration force
required puncturing the stem, while the N detection
model based on stem epidermal penetration force only
needed to puncture the epidermis. This caused less dam-
age to crops and was beneficial for the rapid healing of
puncture wounds, providing convenience for the next
test. Ultimately, a N detection model based on stem epi-
dermal penetration was established, and its effectiveness
was tested using a validation set.

Validation of N detection model based on epidermal
penetration force

According to the above research, the epidermal pene-
tration force of greenhouse cucumber stems was mainly
regulated by external N application; that is, the epidermal
penetration force gradually decreased with the increase of

N application amount. Therefore, the relationship between
stem epidermal penetration force (epidermal penetration,
Ep) and N application rate is shown in formula (1).

Ep =n-1'N (1)
where N represents the level of N application (%); Ep
represents stem epidermal penetration force (g); T is the
slope of the model, and according to the experimental
results, its value under MK treatment is 0.116; n is the
intercept of the model, and according to the experimen-
tal results, its value under MK treatment is 48.747.

The epidermal penetration of greenhouse cucumber
stems was also influenced by the supply of K*. In the-
ory, the intercept (1) of a cucumber N nutrient detection
model based on stem epidermal penetration represents
the impact of external K* supply on stem epidermal pen-
etration without considering external N application rates
(when N = 0%, Ep =n).
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According to previous analysis, LK treatment exerted an
inhibitory effect on the stem epidermal penetration force,
while HK treatment enhanced this parameter. Therefore,
the influence factor k, was introduced into formula (1) to
represent the effect of K* on the stem epidermal penetra-
tion force, as shown in formula (2). Under LK treatment,
the intercept of the cucumber N nutrition detection
model based on epidermal penetration was 42.808,
while under HK treatment, the intercept was 55.595.
Compared with the intercept under MK, the intercept
under LK treatment decreased by 1.1389 times, while the
intercept under HK treatment increased by 1.1404 times.
Therefore, the influence factor of the slope, obtained by
taking the average value, was 1.1397.

The experimental data revealed differential effects of
potassium treatments on stem epidermal penetration
resistance. Given the inhibitory effect of LK treatment,
the measured values required division by the influence
factor (k,), mathematically equivalent to multiplication
by its reciprocal. Conversely, HK treatment demon-
strated a significant enhancement effect, necessitating
multiplication by k,. Accordingly, the coefficient i in
Equation (2) was assigned values of 1, 0, and -1 for HK,
MK, and LK treatments, respectively. The experimentally
derived value of k, was determined to be 1.1397 through
quantitative analysis.

Ep=kin-7-N )
Where ki represents the influencing factors of K*.

Additionally, the effect of K* on the stem epidermal
penetration force significantly affected the slope of the
N detection model. For example, HK treatment exac-
erbated the impact of N stress on crops, leading to an
enhanced effect of N on stem epidermal penetration and
an increase in the slope of the N detection models.

Under LK treatment, the slope of the cucumber N
nutrition detection model based on epidermal pen-
etration was —0.065, while under HK treatment, the
slope was —0.1835. Compared with the slope under MK
treatment, the slope under LK treatment decreased
by 1.7846 times, while the slope under HK treatment
increased by 1.5819 times. The influencing factor of the
slope was found to be 1.6833 through weighted averag-
ing. Therefore, k, was added to the formula (2) to rep-
resent the effect of K* on the model slope, as shown in
formula (3). In the formula, the values of i were 1, 0,
and -1, corresponding to HK, MK, and LK treatments,
respectively. The value of k, was set to 1.6833 based on
the experiment.

Ep=kin-kiz-N (3)

Therefore, the N detection model based on stem epider-
mal penetration can be represented by the transformed
formula (4).

ki 1
N=21T__pp (4)
oT kot

Formula (4) was simplified to obtain formula (5).

N =1.4368' x410.2297 — 1.6367' x 8.3625

i=1 Under HK (5)
xEpii=0 Under MK
i=-1 Under LK

Where N represents the level of N application, %; Ep
represents stem epidermal penetration force, g.

The N detection model based on stem epidermal pene-
tration was validated using an independent validation
dataset, with performance metrics illustrated in Figure 4.
The simulated value represented the N application level
predicted by the N detection model based on stem epi-
dermal penetration, while the actual value corresponded
to the true N application level. The results showed that
under MK treatment, the R* and RMSE of the simulated
versus actual values of the N stress detection model were
0.9398 and 34.9%, respectively. Under HK treatment, the
R* and RMSE were 0.9190 and 38.12%, while under LK
treatment, they were 0.8676 and 45.1%. These findings
confirm that the introduction of influencing factors sig-
nificantly improved the accuracy of the model.

Design and Experiment of Wearable Detection
Sensor

Structure of wearable detection sensor for N and K
information

The structure of the wearable sensor is shown in Figure A1.
The system comprises four principal components: a micro
stepper motor, a fixed base, a puncture probe, and an inte-
grated control unit. The micro stepper motor, mounted
on the fixed base, interfaces with the control unit through
electrical connections. The motor and probe are rigidly
connected, and the puncture probe is controlled to move
back and forth along the slide rail by timing the output
pulses of the control system, thereby achieving the inser-
tion and retrieval of the puncture probe.

Design of fixed base for puncture force measurement

The motor drove the probe to puncture the cucum-
ber stem, and the fixed base used for puncture force
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Figure 4. Validation of the N detection model based on stem epidermal penetration. (A) Comparison between simulated and
actual values of the model under MK treatment; (B) Comparison between simulated and actual values of the model under HK
treatment; (C) Comparison between simulated and actual values of the model under LK treatment.

measurement also deformed due to the reaction force
generated during puncture. Therefore, the puncture
force could be detected by measuring the strain of the
fixed base. Since wearable detection sensors need to
be attached to the surface of plant stems for extended
periods, the lightweight nature of the fixed base was an
important design consideration. Photosensitive resin,
with an elastic modulus of 2.46 GPa, demonstrated
superior chemical resistance, tensile strength, and
adaptability to strong light irradiation and high humid-
ity environments. Nylon, another common 3D printing
material with an elastic modulus of 1.7 GPa, is non-
toxic, lightweight, and offers excellent wear and cor-
rosion resistance. Therefore, photosensitive resin and

nylon were selected as printing materials for the fixed
bases and subsequently compared.

According to preliminary experiments, a force of 20-55 g
was required for the puncture probe to penetrate the stem
epidermis. Strain can be calculated as the ratio of stress
to elastic modulus, and the relationship between force
and strain on the tested piece is expressed in formula (6).
The simplified structure of the fixed base used for punc-
ture force measurement is shown in Figure 5.

6F,L

(6)

_% _

E . =——=

PE
P
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strain gauge

R1

R, T

L

F, |
R, R,

Figure 5.  Structural diagram of the fixed base for puncture
force measurement.

where ¢, represents the strain of the strain gauge; o, is the
stress of the tested piece, Pa; E, is the elastic modulus of
the base material, Pa; M is the bending moment, N-m; F,
is the force exerted on the test piece, N; W'is the bending
section coefficient, m% L is the distance from the point
of force application to the strain gauge measuring point
(m); b is the width of the test piece (m); and h is the thick-
ness of the test piece (m).

The optimal dimensions of the force measurement base
were determined through analytical calculations to
accommodate the characteristic epidermal penetration
force range of 20-55 g. Mechanical analysis revealed an
inverse relationship between strain magnitude and both
the cross-sectional area and the moment arm length.
To maximize detection sensitivity, L was set to 0.035 m,
while the thickness (h) and width (b) of the tested piece
were set to 0.0015 m and 0.007 m, respectively.

(A)

i

80mm
60mm

Figure 6. Fixed base. (A) 3D model; (B) Physical image.

The total length of the fixed base was 80 mm, with two
screw holes located in the central installation area for
mounting the stepper motor. This installation area featured
a sunken design to ensure that the puncture probe could
penetrate vertically along the axis of the cucumber stem.
Both the upper and lower sides of the fixed base included
curvilinear clamping elements designed to fit the stem,
thereby ensuring the stability of the wearable detection sen-
sor. Each curved fixing component at the ends of the fixed
base measured 10 mm in length, and the distance between
the two fixing components was 60 mm, providing sufficient
working space for the puncture probe’s operation.

Experimental study on puncture force detection

Puncture force calibration experiment

During probe penetration into the cucumber stem,
reaction forces caused measurable deformation in the
fixed base. The epidermal penetration force of the stem,
defined as the force required to puncture the epidermis,
was quantitatively determined through strain measure-
ments of the fixed base.

To further explore the relationship between strain and
force on the fixed base and to optimize material selec-
tion, fixed bases made of photosensitive resin and nylon
were fabricated. The strain-force relationship of the two
bases was then compared and analyzed. The strain gauge
(AVIC Measurement Instrument Co., Ltd) used had sen-
sitive grating dimensions of 1.0 mm in length and 1.9 mm
in width. Its substrate measured 4.3 mm x 3.5 mm, with a
resistance value of 120 Q) and a strain limit of 2.0%.

After the fixed base was thoroughly polished and
cleaned, strain gauges were bonded to its surface using

(B)
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Figure 7.  Structure drawing of the whole bridge.

cyanoacrylate adhesive, as illustrated in Figure 5. Four
strain gauges were arranged in a full Wheatstone bridge
configuration, as shown in Figure 7.

A series of calibrated weights were applied to the force
measurement base in the direction of the puncture
force, and the corresponding strain measurements were
recorded under varying loads. The strain test results for
the photosensitive resin fixed base under different loads
are shown in Figure 8. The dashed line in Figure 8A rep-
resents the smoothed strain curve obtained after digital
filtering using Origin software. The strain curves exhibit
clear load-dependent behavior, with strain magnitude
progressively increasing as the applied load increases.
This monotonic relationship confirms that the fixed base
undergoes elastic deformation within the tested load
range.

The strain variation of the nylon material fixed base
under different loads is presented in Figure 9. As shown
in Figure 9A, the strain of the nylon fixed base var-
ied significantly with applied load, and its strain curve
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Figure 8.
(B) Relationship between strain and load.
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was more stable compared to that of the photosensitive
resin fixed base. The R? values for the strain-load rela-
tionship exceeded 0.99 for both materials. Specifically,
the R* for the nylon fixed base was 0.9993, surpassing
that of the photosensitive resin fixed base, which was
0.9971. Notably, the strain curves of the photosensitive
resin fixed base showed minimal differences under loads
of 50 g and 55 g. Furthermore, the strain range of the
nylon fixed base (29 to 412 microstrain) was substantially
greater than that of the photosensitive resin fixed base
(19 to 240 microstrain).

Consequently, the nylon fixed base was selected for the
fabrication of wearable detection sensors due to its supe-
rior strain response. The strain-force relationship for the
nylon fixed base is expressed by formula (7).

Fp=0.1715x¢ —0.5175 @)

Where F is the force exerted on the test piece, i.e. the
epidermal penetration force, N.

The strain measurement for the nylon fixed base began
at a 5 g load, increasing incrementally by 5 g steps until
reaching a maximum load of 65 g. Following this loading
phase, systematic unloading was performed in 5 g decre-
ments, during which the corresponding strain values of
the base were recorded. This complete loading—unload-
ing cycle was repeated three times to assess the repro-
ducibility of strain measurements across different load
conditions. As illustrated in Figure 10, the nylon fixed
base exhibited consistent and reliable strain reproducibil-
ity throughout the entire tested load range.

Detection effect of wearable sensors on the penetration force
of stem epidermis

The installation of the wearable N detection sensor is
illustrated in Figure 11. The motor was mounted on the
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Relationship between strain and load on a photosensitive resin fixed base. (A) Strain curves under different loads,
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Figure 10. Repeatability experiment of fixed base with
nylon material.

force measurement base, ensuring that the puncture
force was applied along the axis of the base in the oppo-
site direction.

Upon sensor activation, the probe moved to penetrate
the cucumber stem. The resulting strain gauge output
was then applied to formula (7) to calculate the epider-
mal penetration force of the greenhouse cucumber stem.
Finally, the N detection model based on stem epidermal
penetration was used to diagnose N nutrition in green-
house cucumbers.

The wearable detection sensor was affixed to the stem
surface of greenhouse cucumbers, and strain changes
in the sensor’s base during the puncture process were
recorded. Based on previous research (Liu et al., 2024),
the internode between the 4th and 5th from the top
was identified as the optimal site for analyzing puncture

Figure 11.  Schematic diagram of sensor installation.

mechanical characteristics. Therefore, puncture experi-
ments across various treatments were performed on the
fifth internode of cucumber plants to minimize the influ-
ence of internode variability on the results. Additionally,
the puncture probe was precisely aligned with the stem’s
depression and oriented along the stem axis to avoid
measurement errors caused by the complex tissue struc-
ture typically present at the stem edges.

The classic strain curve of cucumber stem puncture mea-
sured by the wearable sensor is presented in Figure 12.
At point A, the probe makes initial contact with the
stem epidermis. Under the resistance of the epider-
mis, the strain on the fixed base gradually increases.
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Upon reaching point B, the epidermis is punctured, lead-
ing to a drop in strain. Thereafter, the probe encounters
resistance from the internal stem tissue, causing the
strain to rise again until the probe punctures through the
opposite side of the epidermis at point C. At point D, the
probe stops its operation and retracts, resulting in a rapid
decrease in the base strain.

Point B on the strain curve represents the strain experi-
enced by the fixed base at the moment the probe punc-
tures the stem epidermis. A significant difference was
observed in the first peak (point B) under varying N
treatments. Under normal N application (100%), the peak
strain at point B was 214. For low N treatment (50%), the
peak value increased to 256, while excessive N application
(150%) resulted in a lower peak of 185. Given the positive
correlation between strain and stress on the fixed base,
the stem epidermal penetration force ranked in descend-
ing order as low N > normal N > excessive N, consistent
with previous findings (Liu et al., 2024). The complexity
observed at the later peak (point C) is likely due to the

Nitrogen nutrition detection sensor

heterogeneous distribution of internal stem tissues. The
presence of vascular bundles and voids causes the resis-
tance encountered by the probe during puncture to vary
continuously. Ultimately, the initial peak at point B was
selected as the key reference for N detection, and the cor-
responding strain was used to calculate the force on the
base, thereby determining the stem epidermal penetra-
tion force (Fp).

A comparative analysis was performed between the mea-
surements from the wearable detection sensor and the
true values obtained using a texture analyzer (Figure 13).
The results show strong agreement between the two
measurement systems, with a high coefficient of determi-
nation (R* = 0.905) and a root mean square error (RMSE)
of 12.3 g relative to the ideal 1:1 line. This demonstrates
that the wearable detection sensor achieves sufficient
accuracy in measuring the stem epidermal penetration
force, meeting the technical requirements for N diagno-
sis in greenhouse cucumbers. Additionally, as presented
in Table 2, the detection performance of the nitrogen
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Figure 12.  Strain curve of cucumber stem puncture using wearable sensors. (A) low N (50%); (B) normal N (100%) (C) exces-
sive N (150%) treatment. The epidermal penetration event is indicated by the first strain peak (Point B), followed by an immediate
strain decrease. Notably, Point B shows significant peak value variations under different nitrogen treatments (214 for normal N,
256 for low N, and 185 for excessive N), establishing it as the key reference point for nitrogen status assessment.
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Figure 13. Comparison between the measured values of
wearable detection sensors and the true values detected by
texture analyzer. Comparative analysis with the texture ana-
lyzer (standard reference method) demonstrated a strong lin-
ear correlation (R? = 0.9046) between measurements obtained
from the wearable sensor and ground-truth values, confirm-
ing the method’s sufficient accuracy for nitrogen diagnosis
in greenhouse cucumber cultivation.

diagnosis method based on stem mechanical properties
is essentially comparable to that of methods relying on
spectral technology.

Diagnostic effect of wearable detection sensor on N nutrition
in cucumber

To verify the diagnostic efficacy of the wearable detection
sensor for cucumber N nutrition, the sensor was used to
puncture cucumber stems subjected to different N treat-
ments. The experimental design included three biological
replicates per treatment, with five penetration measure-
ments taken per plant. The sensor showed a maximum
relative error of 22.8%, a minimum relative error of 1.2%,
and an average relative error of 11.2% in detecting nitro-
gen nutrition in cucumbers. Within the N application
range of 50% to 150%, the average relative error decreased
to 6.5%. However, under more extreme stress levels, spe-
cifically at 25% and 175% N application, the average rela-
tive error increased substantially to 22.9%. These results
indicate that while the sensor’s measurement accuracy
diminishes under severe nitrogen deficiency or excess,
it maintains reliable and accurate detection within the
moderate nitrogen application range of 50% to 150%.

Impact of Wearable Sensors on Greenhouse
Cucumbers

The impact of wearable detection sensors on cucumber
stem epidermis after 17 days of installation is shown

Table 2. A comparison between the detection method based on
stem mechanical characteristics and the nitrogen detection method

based on spectral technology.

Test method R,
Wearable sensors based on stem 0.9046
mechanical characteristics the ANN-PSO 0.882~0.926
nitrogen detection method based

on spectral technology (Sabzi PLSR 0.951~0.986
etal., 2021) CNN 0.933~0.970

Table 3. Detection effect of wearable mechanical sensor on

N nutrition of cucumber.
N application level Fplg Detection Relative

mean (SD) value error/%

25% 46.5 (0.13) 19.29% -22.8
50% 41.8(0.81) 59.31% 20.3
75% 40.3 (0.60) 72.85% -2.9
100% 36.5 (0.74) 105.30% 83
125% 34.4(1.10) 123.51% -1.2
150% 30.8 (2.11) 154.63% 31
175% 23.8 (7.01) 215.19% 23

Note: The average relative error is the average absolute value of the
detection error at each N application level, calculated as 11.2%.

in Figure 14. Observations indicate that the puncture
wounds on stems with the sensors had healed, and there
was no noticeable difference in epidermis color com-
pared to cucumbers without sensors installed.

The impact of wearable detection sensors on cucumber
growth parameters after 17 days of installation is pre-
sented in Table 4. Following sensor installation, the stem
diameter, leaf area, and plant height of cucumbers mea-
sured 5.59 mm, 4393.08 cm? and 159.1 cm, respectively.
Compared to cucumbers without the sensor, these values
decreased by 4.89% (P = 0.638), 6.19% (P = 0.519), and
2.69% (P = 0.404), respectively. These results indicate that
the sensor’s effect on cucumber growth was relatively
minor and not statistically significant.

The stem functions as the exclusive channel for material
transport and information transmission between roots
and leaves, while also providing structural support to
maintain the plant’s upright posture. Additionally, the
stem epidermis acts as a mechanical barrier, reducing the
likelihood of bacterial invasion (Li et al., 2010). To some
extent, the mechanical characteristics of stems reflect
the crop’s ability to remain upright and resist external
threats. Therefore, the shear mechanical properties of
cucumber stems at the sensor-wearing position were
measured and compared with those of stems without the
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B)

Figure14. Effects of wearable sensors on cucumber stem epidermis in greenhouse. (A) Stem without wearable sensors

installed; (B) Stem after 17 days of installation.

Table 4. Effects of wearable sensors on greenhouse cucumbers growth.

Parameters Cucumber without wearable Cucumber with wearable P-value Effect size Confidence interval
sensor installed sensor installed (95%)

Stem diameter (mm) 5.87+0.732 5.59+0.482 0.638 0.122 [5.36, 6.10]

Leaf area (cm?) 4683.04£384.312 4393.08+187.63? 0.519 0.296 [4231.78, 4844.34]

Plant height (cm) 163.4+13.9 159.1+9.42 0.404 0.061 [150.94, 171.46]

wearable sensor. Five cucumber plants were selected for
each treatment, and three tests were performed on each
plant.

The internodes at the wearable sensor installation site
on the cucumber stem were excised, and their shear
mechanical properties were measured. The shear force—
time curve during the cucumber stem shearing process is
presented in Figure 15. In this figure, peak A corresponds
to the epidermal shear force of the stem, while peak B
indicates the maximum shear force of the stem.

The impact of wearable sensors on the mechanical char-
acteristics of greenhouse cucumber stems is summarized
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Figure 15. Stem shear force curve.

in Table 5. After 17 days of sensor installation, the max-
imum shear force of stems decreased by 10.66% (P =
0.436), while the epidermal shear force increased by
11.43% (P = 0.359) compared to untreated plants. These
changes were not statistically significant, indicating that
the sensor had minimal physiological impact on stem
integrity. The mechanical barrier provided by the stem
epidermis remained intact, maintaining strong resistance
to bacterial invasion. Furthermore, the lack of significant
reduction in maximum shear force suggests that cellular
development and tissue organization were not disrupted,
allowing normal physiological functions related to mate-
rial transport and information transmission to continue.

Discussion

Under MK treatment, a positive correlation was observed
between the epidermal break distance of cucumber
stems and N application, primarily due to the influence
of structural carbohydrate content and cell wall integrity;
as N application increased, decreases in cellulose and lig-
nin reduced cell wall compactness, resulting in greater
epidermal break distance (Xue et al., 2016). Conversely,
under LK treatment, water loss led to enlarged cell gaps
and weakened cell wall connections, forming a folded
epidermal structure with thinner wrinkles and dimin-
ished impact resistance, thereby decreasing the epi-
dermal break distance. Under HK treatment, excessive
potassium inhibited cell wall formation and caused cell
expansion through water absorption (Okazaki et al., 2020;
Zhou et al., 2013), which compressed cell gaps, promoted
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Table 5. Effects of wearable sensors on mechanical characteristics of fixed parts of stem.

Parameters Cucumber without wearable Cucumber with wearable P-value Effect size Confidence interval
sensor installed sensor installed (95%)

Epidermal shear force (g) 566.8+£166.9° 631.6£152.9° 0.359 0.080 [6514.83, 670.63]

Maximum shear force (g) 1123.9£204.92 1004.1£173.22 0.436 0.095 [919.27, 1232.71]

tighter cell arrangement, and smoothed the surface; how-
ever, the reduced structural carbohydrate content thinned
the cell wall and hindered structural formation, also
leading to a decreased epidermal break distance. These
findings are supported by recent observations of stem
epidermal surface roughness (Liu ef al., 2024).

Compared with the N detection model based on stem
epidermal penetration, models based on stem penetra-
tion and epidermal break distance showed significantly
lower R* values. The stem epidermal break distance’s
response to N application under LK and HK treatments
was mainly influenced by cell osmotic pressure balance
and intercellular space, with sensitivity strongly affected
by crop K* transport regulation, which could reduce
detection accuracy. The stem penetration model exhib-
ited notably lower R* under HK treatment compared
to epidermal penetration and required penetrating the
entire stem, causing greater crop damage. In contrast,
the epidermal penetration-based model only punctured
the epidermis, minimizing crop injury and enabling rapid
wound healing, thus facilitating easier repeated measure-
ments. Therefore, the N detection model based on stem
epidermal penetration was ultimately selected.

Previous studies have shown that nitrogen application
levels significantly influence the formation and trans-
port of photosynthetic products, with cellulose and
lignin—especially cellulose—playing a key role in devel-
oping stem mechanical structures. Subsequent research
confirmed that under low-nitrogen stress, stem punc-
ture strength increases by at least 10%, while high-ni-
trogen stress causes a decrease of at least 7%, indicating
that stem mechanical properties effectively reflect crop
nitrogen nutrition. Furthermore, cucumber stems can
recover approximately 74% of puncture wounds within
25 hours and almost completely heal within 48 hours,
demonstrating that puncture-based nutritional studies
do not adversely affect normal growth. Building on this,
the current study developed a nitrogen detection model
based on stem epidermal penetration force and designed
a wearable detection device. Results revealed that under
normal to mild N stress (50% to 150% application), the
sensor’s detection error remained relatively low, but
errors increased under severe stress conditions. This is
likely because crops under normal nutrient supply main-
tain orderly physiological functions and uniform stem
composition, whereas under nutritional stress, crops

dynamically adjust photosynthate distribution based on
external conditions (Gao et al., 2015; Ismail et al., 1994),
leading to uneven tissue composition and structure that
affect epidermal penetration force depending on punc-
ture location. Moreover, the “ineffective cycling” of K*, a
non-metabolized signal ion crucial for conveying potas-
sium demand (Dreyer et al., 2017; Ismail et al., 1994),
actively regulates osmotic balance and the activity of glu-
cose metabolism and transport enzymes (Dreyer et al.,
2017; Sun et al., 2021; Zhang et al., 2021). These dynamic
K* changes further contribute to uneven tissue formation
under nutritional stress, explaining the significant detec-
tion errors observed with wearable sensors during severe
N deficiency or excess.

Previous studies indicate that non-contact nitrogen mon-
itoring methods—such as optical and remote sensing
technologies—have been widely used due to their advan-
tages in being non-destructive, rapid, and suitable for
high-throughput analysis. However, these methods are
often vulnerable to environmental interference. In con-
trast, wearable sensing technology offers enhanced tem-
poral and spatial resolution, with flexible sensors gaining
attention in crop phenotyping because of their excellent
mechanical properties and biocompatibility. Recently,
flexible electrochemical and optical sensors have made
notable advances in monitoring individual plant growth,
leaf moisture, and transpiration. Nonetheless, substantial
progress in detecting key macronutrients like nitrogen
remains limited (YAN et al., 2024). The nitrogen sen-
sor developed in this study, leveraging stem mechanical
characteristics, addresses this gap and opens new ave-
nues for multi-target detection using flexible sensors. For
example, functionalizing the probe surface with compos-
ite materials could enable electrochemical sensor fabrica-
tion, potentially improving performance under extreme
nitrogen conditions (e.g., 25% or 175% N) and expanding
applicability across a broader range of crops.

Nitrogen is a vital component of proteins and chloro-
phyll, essential for crop growth and improving fruit qual-
ity. Developing accurate nitrogen prediction methods and
sensor technologies holds great promise for enhancing
fertilizer use efficiency, lowering production costs, and
reducing environmental damage from excessive nitro-
gen application. Modern agricultural research highlights
the use of advanced analytical instruments for detailed
plant physio-biochemical profiling as a key driver of
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phenomics progress. Alongside this, studying stem bio-
mechanical properties under stress conditions provides
valuable phenotypic data. Together, these approaches
deepen our understanding of the biological mechanisms
shaping traits and advance crop life science by elucidating
genotype-phenotype-environment interactions within
the framework of big-data-driven agriculture.

Conclusions

The positive response of stem mechanical characteris-
tics to N application established a strong basis for using
these traits to detect crop health. Compared to N detec-
tion models based on stem penetration and epidermal
break distance, the model utilizing stem epidermal pen-
etration showed significantly higher R* values, indicating
superior accuracy. It was also less susceptible to inter-
ference and caused less damage to crops. Consequently,
a N detection model based on stem epidermal penetra-
tion was developed, demonstrating robust performance
with R*> and RMSE values of 0.8676 and 45.1% (LK treat-
ment), 0.9398 and 34.9% (MK treatment), and 0.9190 and
38.12% (HK treatment), respectively. The wearable detec-
tion sensor for N nutrition was created by integrating
this model with a 3D-printed fixed skeleton and a micro
motor. The sensor effectively detected nitrogen status in
greenhouse cucumbers, accurately diagnosing nitrogen
nutrition while exerting minimal impact on plant growth
and exhibiting excellent biocompatibility.
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Nitrogen nutrition detection sensor

Appendix A

(A) (B)

28mm

15mm

Figure A1. Shows the wearable device and motor. The motor is a dedicated lifting motor for the Redmi K30 Pro (A) Design
diagram; (B) The motor. The motor had a mass of 3.5 g, a diameter of 3 mm, a length and width of 28 mm and 15 mm. The punc-
ture probe had a diameter of 0.7 mm and was fixed on a slider with a running range of 0-9 mm.

Figure A2. Shear test of stem on the 7th day of installation.
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Table A1. Nomenclature.

b Width of the test piece, m
CK 100% N +100% K
Ep Elastic modulus of the base material
Ep Epidermal penetration
) Force exerted on the test piece, which is numerically equal to the epidermal penetration force, N
h Thickness of the test piece, m
HK High K, 150%
HN High N,150%n
HNLK 150% N +50% K
k Influencing factors of K*
K Potassium
L Distance from the point of force application to the measuring point of the strain gauge, m
LK Low K, 50%
LN Discrete element method
LNLK 50% N +50% K
LNHK 50% N +150% K
MK Medium K, 100%
Mp Bending moment, N'm
N Nitrogen
N Level of N application, %
R? Coefficient of determination
RMSE Root mean square error
w Bending section coefficient, m*
€, Strain of strain gauge
n Intercept of the model
o, Stress of the tested piece, Pa
T Slope of the model
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