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Freezing is a typical abiotic stress on plants, which can induce physiological damages of plants. A better understanding of plant
freeze-thaw characteristics contributes to solving some hot issues in plant physiology, such as cold resistance and cold
acclimation. This article presents a novel sensor for in situ detection of freeze-thaw characteristics in plants based on stem
temperature and water content. The measuring circuit of stem temperature was designed based on constant current source and
platinum resistance. The measuring circuit of stem water content was designed based on standing wave ratio and the dielectric
properties of stem tissue. The temperature resolution of the compound sensor is less than 0.1°C. The MAE and RMSE of
temperature measurement are approximately 0.57°C and 0.65°C, respectively. The volumetric water content resolution of the
compound sensor is less than 0.05%. The MAE and RMSE of volumetric water content measurement are approximately 1.59%
and 1.81%, respectively. Moreover, a mathematical model for describing the freeze-thaw characteristics of plant stem was
established and solved based on the compound sensor. Then, some freeze-thaw indicators including stem water content, ice
content, freezing depth, freezing velocity, thawing depth, and thawing velocity were solved and used to interpret the freeze-thaw
rules of plant stem. It can be concluded that the freeze-thaw velocity is closely related to the physicochemical properties of plant
stem which also change dynamically in the freeze-thaw cycle.

1. Introduction

Freezing is a typical abiotic stress on plants. From the micro-
perspective, freezing stress can induce various damages for
plants, such as cellular dehydration, structural changes in tis-
sues or organs, and embolisms in xylem vessels [1, 2]. From
the macroperspective, freezing stress can inflict the reduction
of crop yields and limit the distribution of plant species [3, 4].
Therefore, it is significant to accurately detect freeze-thaw
characteristics which can quantify freezing stress on plants.

Some early detection methods of freeze-thaw characteris-
tics in plants were indirect and assumed that plant tissue fluid
had freeze-thaw properties of ideal solutions [5]. Ideal freeze-
thaw curves can be calculated by measuring cell solute con-

centrations, hydrostatic pressures, and the amounts of bound
water [6]. With the development of electronic detection tech-
nology, some of direct detection methods have been used to
study freeze-thaw characteristics in plants, mainly including
calorimetric method, spectrometric method, and electron
microscopy. Calorimetric method basically involves the
detection of exothermic and endothermic events by monitor-
ing relative temperature changes in plant tissue fluid. Based
on different thermal analysis techniques, common calorimet-
ric methods include conventional thermal analysis, differen-
tial thermal analysis (DTA) [7], and differential scanning
calorimetry (DSC) [8]. Conventional thermal analysis is pri-
marily used to determine the freezing and thawing points of
plant tissue fluid by inserting a thermocouple in a stem and
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monitoring stem temperature during freeze-thaw cycles.
Compared with conventional thermal analysis, DTA has a
higher resolution of temperature by comparing the output
from two thermocouples inserted in a sample and reference
[3, 4]. Combined with the heat of fusion of water and the heat
capacities of water and ice, DSC can quantify the amount of
frozen or thawed water by measuring differences in heat evo-
lution or absorption between the sample and reference dur-
ing freeze-thaw cycles. But it is difficult to choose the
correct heat of fusion and heat capacity for plant tissue fluid,
thus limiting the further application of DSC. Based on differ-
ent spectral bands, common spectrometric methods include
infrared video thermography (IRVT) [9], nuclear magnetic
resonance (NMR) [10], and magnetic resonance imaging
(MRI) [11]. Compared with the above calorimetric methods,
IRVT can provide a real-time heat map of the temperature of
the plant surface, thus revealing the distribution and evolu-
tion of ice. NMR provides a method to quantify the liquid
water content of partially frozen plant tissues. In contrast,
MRI is a major improvement to NMR and has sufficient res-
olution to observe liquid water in the dimension of plant tis-
sues or organs. Based on different treatment processes,
common electron microscopy methods include cryoscanning
electron microscopy (CSEM) [12] and freeze-substitution
electron microscopy (FSEM) [13]. CSEM shows ice by the
appearance of fracture faces during the sublimation process
of ice. FSEM shows ice by the appearance of cavities during
the dissolution process of ice. Both methods have sufficient
resolution to identify ice in the dimension of cells or
molecules.

These methods differ greatly in temporal resolution: calo-
rimetric method> spectrometric method> electron micros-
copy. And the calorimetric methods can realize in situ
measurement of the freezing and thawing points of plant tis-
sue fluid. However, the disadvantage of calorimetric methods
is that it is difficult to quantify the amount of freezing or
thawing that takes place. In the meanwhile, considering that
the measuring method of standing wave ratio has been used
to quantify stem water content with high performance [14],
hence, a novel method combining calorimetric method and
standing wave ratio was proposed to detect the freeze-thaw
characteristics of plant stem in this study. The main research
contents in this paper are as follows: (1) developing a com-
pound sensor for detecting stem temperature and water con-
tent, (2) analyzing the measurement performance of the
compound sensor, (3) establishing a mathematical model
for describing the freeze-thaw characteristics of plant stem,
and (4) interpreting the freeze-thaw characteristics of plant
stem based on the freeze-thaw model.

2. Materials and Methods

2.1. Measuring Principle of Stem Temperature. The measur-
ing circuit of stem temperature was designed based on con-
stant current source and platinum resistance [15]. As
illustrated in Figure 1, initially, the reference voltage V ref is
converted to the constant current source with the value of
V ref /Rref via the operational amplifier U1 and the reference
resistance Rref . As the current I flows through the platinum

resistance RPt100, a tiny voltage difference is generated on
RPt100. Ultimately, the tiny voltage difference is amplified into
the standard voltage output signal Vout1 by the operational
amplifier U2. Hence, the output of stem temperature measur-
ing circuit can be calculated by

Vout1 = β2IRPt100 =
β2V refRPt100

Rref
ð1Þ

where β2 is the amplification coefficient of the operational
amplifier U2.

There is a linear relationship between RPt100 and the tem-
perature T, which can be expressed as

T = kRPt100 + b ð2Þ

where k is the proportionality coefficient and b is the bias
coefficient. In accordance with Formula (1), Formula (2)
can be rewritten as

T = kRref
β2V ref

Vout1 + b ð3Þ

As the parameters including Rref , V ref , β2, k and b are
determined, it can be concluded from Formula (3) that the
stem temperature can be calculated by measuring the output
voltage of U2.

2.2. Measuring Principle of Stem Volumetric Water Content.
The measuring circuit of stem water content was designed
based on standing wave ratio [16] and the dielectric proper-
ties of stem tissue [17]. As illustrated in Figure 2, initially, a
high-frequency electromagnetic wave generated by the
100MHz oscillator spreads along the transmission line. But
there is an impedance mismatch between the impedance of
the transmission line Z0 and the impedance of the annular
electrodes Zl, causing partial incident wave to be reflected
back towards the source. Then, the incident wave and the
reflected waveform a stable standing wave on the transmis-
sion line. Both terminal voltages of the transmission line Va
and Vb are measured by two wave detectors separately. Ulti-
mately, the voltage difference betweenVa and Vb is amplified
into the standard voltage output signal Vout2 by the opera-
tional amplifier U. Hence, the output of stem water content
measuring circuit can be calculated by

Vout2 = β Va −Vbð Þ = 2βAρ = 2βA Zl − Z0ð Þ
Zl + Z0ð Þ ð4Þ

where β is the amplification coefficient of the operational
amplifier U, A is the amplitude of the oscillator, and ρ is
called the reflection coefficient.

As the parameters including β, A, and Z0 are determined,
it can be concluded from Formula (4) that the impedance of
the annular electrodes Zl can be calculated by measuring the
output voltage of U. Since stem water content mainly
depends on Zl, it can be derived from Vout2 based on a
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definite function which can be obtained by drying calibration
method.

2.3. Measuring Electrodes of the Compound Sensor. In the
structure diagram of measuring electrodes shown in
Figure 3(a), stem temperature electrodes are composed of
two stainless-steel probes with embedded Pt100 platinum
resistance. The diameter of the probe is set to 1mm to reduce
the damages to stem tissue, and the length of the probe can be
customized according to stem diameter. Stem water content
electrodes consist of three elastic stainless-steel rings, the
diameter of which can be customized according to stem
diameter and adapt to the changes of stem growth. The thick-
ness and width of the ring are 0.2mm and 8mm, respectively.
The lower and upper electrodes are negative, and the middle
electrode is positive. The spacing of adjacent electrodes is
10mm. In the material object of measuring electrodes shown
in Figure 3(b), the stainless-steel probe is inserted into the
elastic stainless-steel ring through a connector. The installa-
tion process of the compound sensor is divided into three
steps. First, the connection position between the compound
sensor and the stem is polished into a standard ring. Second,
a mounting hole with a diameter of 1mm is drilled in the
stem. Third, the probe is knocked into the sapwood by a rub-
ber hammer, and the elastic ring is snugly wrapped around
the stem.

2.4. Hardware System of the Compound Sensor. The hardware
system of the compound sensor mainly consists of detection
units and collection units. As shown in Figure 4(a), detection
units include temperature detection unit and water content
detection unit, and the other functional units can be collec-
tively called collection units. The high-performance micro-
controller STM32 was chosen as the hardware platform.

The 12-bit analog-to-digital converter with a reference volt-
age of 3.3V can achieve the sampling of two detection units
at the resolution of 0.8mV. The technique of time-sharing
power supply was adopted to avoid the electromagnetic
interference between two detection units. The compound
sensor can communicate with upper-computer software
through the RS485 interface. Moreover, the measured data
can be stored on a local SD card and transmitted to a remote
server through the GPRS module. As shown in Figures 4(a)
and 4(c), the printed circuit boards of detection and collec-
tion units were designed separately according to the hard-
ware system of the compound sensor.

2.5. Freeze-Thaw Model of Plant Stem. In order to quantify
the freeze-thaw characteristics of plant stem through the
compound sensor, the freeze-thaw model of plant stem was
established according to the physical structure of plant stem.
Then, some freeze-thaw indicators were defined and derived
based on the freeze-thaw model. The volumetric ice content
θice of the stem can be calculated by

θice =
mice

ρiceV stem

=
ρliquid θthreshold − θliquid

� �
V stem

ρiceV stem

=
ρliquid θthreshold − θliquid

� �
ρice

,

ð5Þ

where mice is the ice mass in stem, ρice is the ice density
(0.9 g cm-3), ρliquid is the water density (1 g cm-3), θthreshold is
the initial volumetric water content of stem at the critical
freezing temperature at which stem tissue fluid begins to

I

I = Vref/Rref

RrefRPt100

RPt100
Vref

Vout1U2U1

– –

+ +

Figure 1: Schematic diagram of stem temperature measuring circuit.
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Figure 2: Schematic diagram of stem water content measuring circuit.
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freeze, θliquid is the volumetric water content of stem during
the freezing process, and V stem is the volume of the stem.

Considering that the stem usually consists of multiple
growth rings with different radius and wood in the same
growth ring has the same physicochemical properties, it can
be assumed that the stem segment is a cylinder and the water
in stem freezes or thaws evenly from the outer growth ring to
the inner growth ring. According to the freezing model of
stem segment shown in Figure 5(a), the volume of stem seg-
ment V stem and the ice volume V ice in stem segment can be
expressed by

V stem = πR2
stemLstem, ð6Þ

V ice =
mice
ρice

=
ρliquidπ R2

stem − R2
UFA

� �
Lstemθthreshold

ρice
, ð7Þ

where Rstem is the radius of stem segment, Lstem is the length
of stem segment, and RUFA is the radius of the unfrozen area.
According to Formula (6) and (7), θice can be rewritten as

θice =
V ice
V stem

=
ρliquid R2

stem − R2
UFA

� �
θthreshold

ρiceR
2
stem

: ð8Þ

The radius of the unfrozen area RUFA can be derived
based on Formula (5) and (8), and

RUFA = Rstem

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ρiceθice

ρliquidθthreshold

s
: ð9Þ

The freezing depth of stem segment Dfreeze was defined as
the difference between Rstem and RUFA. The freezing velocity
of stem segment vfreeze was defined as the variation of Dfreeze

per unit time. The two indicators of freezing information
can be calculated by

Dfreeze = Rstem − RUFA = Rstem 1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ρiceθice

ρliquidθthreshold

s !
,

vfreeze =
ΔDfreeze

Δt
,

ð10Þ

where ΔDfreeze is the variation of Dfreeze at the interval of Δt.
The thawing model of stem segment was established and

analyzed in the same way as the freezing model. According to
the thawing model of stem segment shown in Figure 5(b), the
ice volume V ice in stem segment can be expressed by

V ice =
mice
ρice

=
ρliquidπ Rstem −Dthawð Þ2 − R2

UFA
� �

Lstemθthreshold
ρice

,

ð11Þ

whereDthaw is the thawing depth of stem segment. According
to Formula (6) and (11), θice can be rewritten as

θice =
V ice
V stem

=
ρliquid Rstem −Dthawð Þ2 − R2

UFA
� �

θthreshold
ρiceR

2
stem

:

ð12Þ

The quadratic equation with one variable aboutDthaw can
be derived based on Formula (5) and (12), and

D2
thaw − 2RstemDthaw + 1 − ρiceθice

ρliquidθthreshold

 !
R2
stem − R2

UFA = 0:

ð13Þ

Stem water content
electrodes 

Stem temperature
electrodes

–

–
+

(a)

Elastic stainless-steel ring

Stainless-steel probe

(b)

Figure 3: (a) Structure diagram of measuring electrodes. (b) Material object of measuring electrodes.

4 Journal of Sensors



STM32
microcontroller unit

A/D
converter

unit

Temperature
detection

unit

Water
content

detection
unit 

Power
supply

unit

Clock
unit

Time-sharing
power supply

unit

SD card
storage

unit

RS485
interface

unit

GPRS
transmission

unit

(a)

(b) (c)

Figure 4: (a) Structure diagram of hardware system. (b) Printed circuit board of detection units. (c) Printed circuit board of collection units.
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The thawing depth of stem segment can be calculated by
solving Equation (13), and

Dthaw = Rstem 1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρiceθice
ρliquidθthreshold

+ RUFA
Rstem

� �2
s !

: ð14Þ

The thawing velocity of stem segment vthaw was defined
as the variation of Dthaw per unit time. The indicator of thaw-
ing information can be calculated by

vthaw = ΔDthaw
Δt

, ð15Þ

where ΔDthaw is the variation of Dthaw at the interval of Δt.

2.6. Calibration Experiments of the Compound Sensor. In
order to obtain the functional relationships between output
voltages of the compound sensor and two measured vari-
ables, the calibration experiments of stem temperature and
water content were carried out separately. In the calibration
experiment of stem temperature, the compound sensor was
placed in the high-low temperature alternating test chamber
(GDJ-1500B, HASUC, China, range: -40~150°C, accuracy:
±0.1°C) and the temperature of which increased evenly from
-30 to 80°C. Each temperature level lasted for half an hour. In
the meanwhile, the temperature of the test chamber and the
corresponding output voltage of the compound sensor were
recorded. In the calibration experiment of stem water con-
tent, the fresh stem segment of Pachira glabra with 6 cm in
diameter and 106 cm3 in volume was selected as the test sam-
ple. The diameter of the ring was adjusted to 6 cm, and the
length of the probe was customized to 15mm which is close
to the sapwood depth of test sample. Then, the stem segment
connected with the compound sensor was placed in the blast
drying oven (DHG-9030A, HASUC, China, range:
35~250°C, accuracy: ±0.5°C) whose temperature was set at
45°C. During the drying process, the mass of the stem seg-
ment and the corresponding output voltage of the compound
sensor were recorded at the interval of 6 hours until the stem
segment was thoroughly dried. Then, the records of stem

mass were converted to the records of stem volumetric water
content according to stem volume.

2.7. Freezing Experiments of the Solutions. In order to verify
the technical feasibility of the compound sensor to detect
the freezing point, the freezing experiments of the solutions
with different freezing temperature were conducted sepa-
rately. Considering that most of the freezable water in a plant
crystallizes between 0 and -4°C [18, 19], the sodium chloride
solutions with theoretical freezing temperature of 0 (mass
concentration 0%) and -4°C (mass concentration 6.4%) were
selected as the test samples. Then, the plastic beaker filled
with the solution was placed in the low-temperature refriger-
ator (DW-40W100, Haier, China, range: -20~-40°C, accu-
racy: ±1°C) and connected with the compound sensor.
During the freezing process, the temperature of the refriger-
ator was set at -25°C, and the output voltages of the com-
pound sensor were recorded at the interval of 1 minute
until the solution was thoroughly frozen.

2.8. Freeze-Thaw Experiments of the Plant Stem. In order to
observe the freeze-thaw characteristics of the plant stem,
the Pachira glabra with 6 cm in diameter (Rstem=3 cm) and
40 cm in height (Lstem=40 cm) was selected as the test sample.
The diameter of the ring was adjusted to 6 cm, and the length
of the probe was customized to 15mm which is close to the
sapwood depth of test sample. Then, the tree connected with
the compound sensor was placed in the low-temperature
refrigerator. In the freezing stage, the temperature of the
refrigerator was set at -25°C, and this stage lasted for 550
minutes. In the thawing stage, the temperature of the refrig-
erator was consistent with room temperature (appr. 25°C),
and this stage lasted for 880 minutes. During the whole pro-
cess, the output voltages of the compound sensor were
recorded at the interval of 1 minute and converted to stem
temperature and water content based on the acquired cali-
bration functions which were described in Section 3.1.
Finally, some freeze-thaw indicators including stem water
content, ice content, freezing depth, freezing velocity, thaw-
ing depth, and thawing velocity were calculated based on
the freeze-thaw model.

Rstem

RUFA Dfreeze

(a)

DthawRstem

RUFA

Rstem: the radius of 
stem segment
RUFA: the radius of
unfrozen area
Dfreeze: the freezing
depth of stem segment
Dthaw: the thawing 
depth of stem segment

(b)

Figure 5: (a) Freezing model of stem segment. (b) Thawing model of stem segment.
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3. Results and Discussion

3.1. Calibration of Stem Temperature and Water Content.
The calibration equations between output voltage and two
measured variables are shown in Figure 6. As can be seen
from Figure 6(a), the plot of test chamber temperature versus
output voltage is a straight line with the slope of
0.1168°CmV-1 and the determination coefficient of 0.9996.
Combining the resolution of A/D convertor mentioned
above, the temperature resolution of the compound sensor
can be calculated and it is less than 0.1°C, indicating that
the compound sensor is able to measure stem temperature
with high sensitivity. In addition, two error indicators of tem-
perature measurement were calculated based on the calibra-
tion equation. The mean absolute error (MAE) is
approximately 0.57°C, and the root mean square error
(RMSE) is about 0.65°C, revealing that the compound sensor
has high measuring accuracy and stability in terms of stem
temperature detection. As can be seen from Figure 6(b), there
is a linear relation between stem volumetric water content
and output voltage with the slope of 0.0535% mV-1 and the
determination coefficient of 0.9884. Then, we calculated the

volumetric water content resolution and two error indicators
in the same way. The volumetric water content resolution of
the compound sensor is less than 0.05%, indicating that the
compound sensor is able to measure stem volumetric water
content with high sensitivity. The MAE and RMSE of volu-
metric water content measurement are approximately
1.59% and 1.81%, respectively, revealing that the compound
sensor has high measuring accuracy and stability in terms
of stem water content detection. The calibration equations
were used to observe solution freezing point and stem
freeze-thaw characteristics in the next two sections.

3.2. Detection of Solution Freezing Point. The frozen temper-
ature curves of sodium chloride solutions with theoretical
freezing temperature of 0 and -4°C are shown in Figure 7 in
which the solution temperature is the calibrated value and
the water content is directly the voltage value of sensor out-
put. Before the solution temperature drops to the supercool-
ing point (-1.9°C in Figure 7(a) and -6.1°C in Figure 7(b)), the
output voltage during water content measurement remains
virtually unchanged. When the solution temperature breaks
through the supercooling point and jumps to the freezing
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Figure 6: (a) Calibration equation of stem temperature. (b) Calibration equation of stem water content.
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point (-0.2°C in Figure 7(a) and -4.2°C in Figure 7(b)) under
the effect of freezing latent heat [20], the output voltage dur-
ing water content measurement begins to decline slowly due
to the formation of ice crystals, indicating that the compound
sensor is able to accurately detect solution freezing point
based on latent heat effect. We assumed that the gradient of
water content can be regarded as the freezing velocity of the
solution. It can be concluded that during the freezing process
of the solution, there exists a significant negative correlation
between solution temperature and freezing velocity. It should
be pointed out that the deficit of stem water content is related
to various biotic and abiotic factors, such as insects, viruses,
fungi, drought, salt, irradiation, and freezing stress [21, 22].
But the phenomenon of temperature jump from supercool-
ing point to freezing point is a typical symbol of freezing
stress, which can be used to determine the initial volumetric
water content of stem at the beginning of the freezing pro-
cess, namely θthreshold in Formula (5).

3.3. Observation of Stem Freeze-Thaw Characteristics. The
changes in stem volumetric water content, stem temperature,
and temperature gradient during the freezing process are
shown in Figure 8. As can be seen from Figure 8(a), the stem
volumetric water content begins to decline at the point A
(appr. 0.4°C) which is the freezing point of stem tissue fluid.
But comparing Figures 7 and 8, we do not observe the phe-
nomenon of temperature jump from supercooling point to
freezing point in stem. It is mainly caused by the fact that
the thermal conductivity of wood is significantly smaller than
that of water [23, 24]. As can be seen from Figure 8(b), the
stem temperature is relatively stable and the temperature gra-
dient is less than 0.05°Cmm-1 during the period from point A
to B. It is mainly caused by the relative balance between
ambient temperature and the release of latent heat during
freezing process. Therefore, we can also determine the freez-
ing point of stem by observing the temperature gradient.
Considering that the place where the freezing started to take

place may be outside the sensitive distance of the temperature
probe, the mean temperature during the period from point A
to B (appr. -0.5°C) can be regarded as the freezing tempera-
ture of stem tissue fluid. In the meanwhile, we can find that
the stem temperature begins to drop rapidly during the
period from point B (appr. -1.9°C) to the end. It is mainly
caused by two factors. One is that the release of latent heat
reduced with the decrease of freezing radius. The other is that
the sensitivity of the temperature probe declined with the
increase of freezing depth when the freezing depth exceeded
half of the probe length (7.5mm).

The changes in stem volumetric water content, stem tem-
perature, and temperature gradient during the thawing pro-
cess are shown in Figure 9. As can be seen from
Figure 9(a), the stem volumetric water content begins to rise
at the point C (appr. -5.8°C) which is the thawing point of
stem tissue fluid. As can be seen from Figure 9(b), the stem
temperature is relatively stable and the temperature gradient
is less than 0.05°Cmm-1 during the period from point C to D.
It is mainly caused by the relative balance between ambient
temperature and the absorption of latent heat during thawing
process. Therefore, we can also determine the thawing point
of the stem by observing the temperature gradient. Consider-
ing that the place where the thawing started to take place may
be outside the sensitive distance of the temperature probe,
the mean temperature during the period from point C to D
(appr. -2.3°C) can be regarded as the thawing temperature
of stem tissue fluid. In the meanwhile, we can find that the
stem temperature begins to rise rapidly during the period
from point D (appr. -0.5°C) to the end. It is mainly caused
by two factors. One is that the absorption of latent heat
reduced with the decrease of thawing radius. The other is that
the sensitivity of the temperature probe declined with the
increase of thawing depth when the thawing depth exceeded
half of the probe length (7.5mm). Comparing Figures 8 and
9, we can observe that the thawing temperature of stem tissue
fluid is significantly lower than the freezing temperature of
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Figure 7: (a) Frozen temperature curve of sodium chloride solution with the freezing temperature of 0°C. (b) Frozen temperature curve of
sodium chloride solution with the freezing temperature of -4°C.
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stem tissue fluid. The reason is that some cytoplasmic com-
ponents such as soluble sugars and electrolytes leaked out
of cells during the freezing process, thus resulting in the
decline of stem thawing temperature [25, 26].

The changes in stem volumetric water content and ice
content during the freeze-thaw process are shown in
Figure 10. As can be seen from Figure 10(a), the stem volu-
metric water content is 56.86% when the water began to
freeze, namely θthreshold = 56:86%, and the stem volumetric
ice content is 63.01% when the water was completely frozen.
The numerical difference between two indicators is due to the
difference in density between water and ice. As can be seen
from Figure 10(b), the stem volumetric water content is
58.27% which is slightly higher than θthreshold when the ice
was completely melted. It is mainly caused by the phenome-

non that the moisture in the air condensed on the surface of
stem water content electrodes, thus resulting in the increase
of measured value. Comparing Figures 10(a) and 10(b), we
can find that the duration of the freezing process (appr. 390
minutes) is shorter than that of the thawing process (appr.
624 minutes). It is mainly due to the fact that the thermal
conductivity of ice is four times greater than that of water
at the same temperature [27].

The changes in stem freeze-thaw depth and velocity dur-
ing the freeze-thaw process are shown in Figure 11. As can be
seen from Figure 11(a), there is a significant difference
between the stem freezing velocity in sapwood and heart-
wood. When the freezing depth is less than 6mm, the mean
freezing velocity is about 0.03mm mim-1. When the freezing
depth is more than 6mm, the mean freezing velocity is about

–30
–25
–20
–15
–10
–5
0
5
10
15
20
25
30

0
5

10
15
20
25
30
35
40
45
50
55
60

0 50 100 150 200 250 300 350 400 450 500 550

St
em

 te
m

pe
ra

tu
re

 (°
C)

St
em

 v
ol

um
et

ric
 w

at
er

 co
nt

en
t (

%
)

Time (min)

Stem volumetric water content
Stem temperature

A B

(a)

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

–30
–25
–20
–15
–10

–5
0
5

10
15
20
25
30

0 50 100 150 200 250 300 350 400 450 500 550

Te
m

pe
ra

tu
re

 g
ra

di
en

t (
°C

 m
in

–1
)

St
em

 te
m

pe
ra

tu
re

 (°
C)

Time (min)

Stem temperature
Temperature gradient

A B

(b)

Figure 8: (a) Changes of stem volumetric water content and stem temperature during the freezing process. (b) Changes of stem temperature
and temperature gradient during the freezing process.
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Figure 9: (a) Changes of stem volumetric water content and stem temperature during the thawing process. (b) Changes of stem temperature
and temperature gradient during the thawing process.
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0.12mmmin-1. It is mainly due to the fact that the sapwood
has some special pore structures including conduits and sieve
tubes, thus causing the lower thermal conductivity in sap-
wood [28, 29]. The maximum freezing depth calculated by
the freeze-thaw model of plant stem is 28.43mm which is
slightly less than the stem radius. This error can be explained
by the fact that the stem water content is not uniformly dis-
tributed in radial direction and the water content in sapwood
is usually greater than that in heartwood [30]. Hence, the
more accurate freeze-thaw model needs to be built in future
work. As can be seen from Figure 11(b), there is no signifi-
cant difference between the stem thawing velocity in sap-
wood and heartwood and the mean thawing velocity is
about 0.04mm mim-1. It is mainly caused by the fact that
ice masses can separate cell layers and create cavities which
are distributed throughout sapwood and heartwood, thus
causing the decrease of thermal conductivity in the whole

stem [31, 32]. The maximum thawing depth calculated by
the freeze-thaw model of plant stem is still 28.43mm which
is equal to the maximum freezing depth, indicating that the
model has high consistency in the freeze-thaw cycle.

3.4. Performance Comparison between Conventional
Measurement Methods and the Compound Sensor. The con-
ventional methods for detecting the freeze-thaw characteris-
tics in plants can be divided into three categories:
calorimetric method, spectrometric method, and electron
microscopy. The differential scanning calorimetry is a typical
calorimetric method and can quantify the amount of water
that freezes or thaws. The amount of water which is frozen
is determined by measuring the heat released during freezing
process, or absorbed during thawing process, and by making
calculations based on the heat of fusion of water and the heat
capacities of ice and liquid water. The major weakness in
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Figure 10: (a) Changes of stem volumetric water content and ice content during the freezing process. (b) Changes of stem volumetric water
content and ice content during the thawing process.
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Figure 11: (a) Changes of stem freezing depth and velocity during the freezing process. (b) Changes of stem thawing depth and velocity
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using differential scanning calorimetry for determining ice
content is in choosing the correct heat of fusion and heat
capacity for stem tissue fluid. When most of the water in a
stem is still liquid, it has a heat of fusion near that of pure
water. As the amount of frozen water increases, such unfro-
zen water will have a high solute concentration, thus causing
the decrease of the heat of fusion [33]. However, there is no
appropriate method to measure the heat of fusion for stem
tissue fluid in real time during freeze-thaw process. Ulti-
mately, the uncertainty of the heat of fusion will greatly affect
the measurement accuracy of differential scanning calorime-
try. The compound sensor can measure stem water content
with high accuracy by using the calibration equation and
does not need to pay attention to the varying physicochemi-
cal indicators of stem tissue fluid during freeze-thaw process.
Spectrometric method and electron microscopy can provide
the distribution maps of liquid water and ice on the cross sec-
tion of stem, respectively. But both methods require sam-
pling and belong to destructive measurements. The
compound sensor can realize in situ real-time measurement
for water and ice content in the stem. Compared with the
above three methods, the compound sensor has a better prac-
tical application value. However, the compound sensor has
only a separate temperature probe which cannot accurately
reveal the distribution and evolution of ice on the cross sec-
tion of stem. Therefore, an ideal freeze-thaw model of plant
stem was proposed to explain the freeze-thaw characteristics
including stem water content, ice content, freezing depth,
freezing velocity, thawing depth, and thawing velocity.

4. Conclusions

In order to explore the freeze-thaw characteristics of plant
stem, a compound sensor for detecting stem temperature
and water content in situ was designed and developed in this
paper. The length of the temperature electrode and the diam-
eter of the water content electrode can be customized to
match different sizes of plant stems. The resolution, MAE,
and RMSE of the compound sensor when measuring stem
temperature are approximately 0.1, 0.57, and 0.65°C, respec-
tively. The resolution, MAE, and RMSE of the compound
sensor when measuring stem water content are approxi-
mately 0.05, 1.59, and 1.81%, respectively. Considering that
the compound sensor cannot accurately reveal the distribu-
tion and evolution of ice on the cross section of stem, we pro-
posed an ideal freeze-thaw model of plant stem based on the
physicochemical properties of plant stem. Moreover, six
freeze-thaw indicators including stem water content, ice con-
tent, freezing depth, freezing velocity, thawing depth, and
thawing velocity were defined to describe the freeze-thaw
characteristics of plant stem based on the compound sensor
and the freeze-thaw model.
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