Smart glazing for energy- and cost-efficient

greenhouse humidity regulation

Zijian Weng “ I, Omar Khater “ }, Vladislav Paley °, Nathan K. Kessenich®, Logan G. Schmid ©,
Marco U. Lam ¢, Abhishek Dyade °, Zengyu Zhan ¢, Wenbin Mao “*, Long Wang **, and Ying
Zhong ¢ *
 Department of Mechanical Engineering, University of South Florida, 4202 E. Fowler Ave,

Tampa, FL 33620, USA

® Department of Mechanical Engineering, California Polytechnic State University, 1 Grand Ave,

San Luis Obispo, CA 93407, USA

¢ Department of Biomedical Engineering, California Polytechnic State University, 1 Grand Ave,

San Luis Obispo, CA 93407, USA

4 Department of Civil and Environmental Engineering, California Polytechnic State University, 1

Grand Ave, San Luis Obispo, CA 93407, USA

¢ Sauvage Laboratory for Smart Materials, School of Integrated Circuit, Harbin Institute of

Technology (Shenzhen), University Town of Shenzhen, Shenzhen, Guangdong 518055, China

*Corresponding authors:
Ying Zhong, zhongy@hit.edu.cn;
Long Wang, Iwang38@calpoly.edu; Wenbin Mao, wmao@usf.edu

I These authors have the same contribution to the study.



Abstract

Global food shortage demands significant progress in crop production. Greenhouses offer a
solution for higher crop production by providing controllable environment. Excess levels of
humidity, however, encourages pests and diseases, drastically reducing crop yields. Traditional
humidity control methods for greenhouses are expensive and energy intensive. In addition to this,
non-biodegradable plastic covers cause massive white pollution. To tackle these concerns, we
present to use smart glazing and sensors for greenhouse humidity regulation through both passive
and active paths. We created biodegradable humidity-sensitive films by blending polyethylene
glycol (PEG) with cellulose acetate (CA). PEG/CA covers can automatically open for air
circulation at high humidity, successfully demonstrating repeatable greenhouse humidity
regulation to as low as 60% relative humidity. PEG/CA based humidity sensors can actively
accelerate air circulation and humidity reduction with repeated cycles at even higher efficiency.
Overall, our research introduces a low-cost, all-in-one, sustainable, environmentally conscious,
solution for addressing the greenhouse humidity control challenges. Approximately, this solution

can potentially achieve annual energy saving up to 56.6 gigawatt-hours for the US if fully applied.
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INTRODUCTION

Globally, there are still over 45 million people suffering from famine or famine-like conditions.’
Food crisis has been further aggravated by pandemics, conflicts, climate change, and shrinkage of
arable land areas.> There are urgent needs of energy and cost-efficient solutions to promote the
yield from farmlands. Because of the precisely controlled climate, increased production, and
decreased disease, greenhouse farming has been extensively used for years. The market value of
greenhouse crops has reached $194 billion, occupying 49.8% of the total value of agricultural
products while using only 10% of the cultivated land.’ The global commercial greenhouse market
value size is estimated to be at $68.7 billion by 2028.¢

Humidity regulation of the greenhouses is the key for yield increase, and ecological footprint
reduction. Because of condensation, high relative humidity (RH) can generate drips, which will
promote the germination and spread of fungal pathogen spores such as Botrytis and powdery
mildew,”!° leading to largescale outbreak of diseases and death of leaves or plants. Moreover,
elevated humidity levels can disrupt plant transpiration, reducing crop yields and fostering issues
such as algae growth due to standing water, accelerated insect proliferation, heightened safety
hazards for workers, as well as condensation that can scatter light across ceilings and walls,
affecting the photosynthesis process crucial for plant growth. Consequently, the maintenance of
low RH in greenhouses is of utmost importance.

However, moisture is continuously generated by transpiration. It has always been challenging to
regulate greenhouse humidity in an energy and cost-effective manner. The current solutions
include both cultural practices such as precise watering,!! adequate place spacing,'> weed
controlling,'® as well as passive and active ventilation methods.!*!® Passive ventilation replaces

the high-humid inside air with the low-humid outside air by opening and closing the glazing



manually, facing problems of time consuming, labor intensive, and operator dependent.!” Active

2022 and heat exchangers.?>** Heat

ways for humidity control includes heat pump,'®!° desiccants,
pumps have been reported effective as they condense the moisture in the air with evaporator coils.
However, it costs nearly 64% of the initial capital of the greenhouse.?? Solar-assisted liquid
desiccants have been reported effective in dehumidification and temperature reduction for 5 to
7.5 °C.2* Nevertheless, its applicability is constrained to regions with ample solar radiation. The
incorporation of heating and venting systems to raise the dew point and replace highly humid air
is energy-intensive,” demanding 0.7 kWh of energy per square meter, equivalent to 20% of a
greenhouse's total energy expenditure.?

Implementing a more energy-efficient approach to humidity regulation can significantly reduce
the energy consumption associated with agriculture, which currently amounts to as much as 1,872
trillion Btu per year in the United States.?’ In recent years, new technologies including functional
greenhouse covers and Internet of Things have been developed to enable energy-independent,
labor-independent, and high-yield greenhouses.?® ¥ Major efforts have been devoted on the
intelligent photovoltaic systems which regulate solar radiation, generate energy and control
temperature.’***> However, advanced solutions for humidity regulation have not been explored in
detail.

Another challenge is the global plastic pollution caused by the massive use of greenhouse
glazing materials, including polyethylene, polycarbonate, and polyvinyl chloride.’*® With the

1,3 over 3 million tons of non-

growth of the greenhouse cover market to over $11.5 billion in 202
biodegradable agricultural plastic wastes are being produced each year.** Their degradation takes

hundreds of years, which is a huge threat to the environment. Smart greenhouse glazing materials



and devices which can assist in climate control with desirable biodegradability are highly
demanded.

In this paper, we present a new low-cost all-in-one solution based on humidity sensitive
polyethylene glycol (PEG)/cellulose acetate (CA) blended films, which can be used as
biodegradable smart glazing materials for greenhouses to adjust the humidity of the greenhouses
through automatically opening the glazing for air circulation (the passive path), as well as humidity
sensors to monitor the moisture level in the greenhouse and to control the ventilating system for
accelerating the circulation (the active path).*!** Initially, we delved into techniques for producing
consistent and transparent PEG/CA films. Subsequently, we conducted a quantitative assessment
of the hygroscopic properties inherent to these films. Next, we gauged the effectiveness of PEG/CA
films in humidity management within a laboratory-scale greenhouse, capitalizing on their capacity
for humidity-activated shape change. Finally, we harnessed PEG/CA films in the construction of
humidity sensors, enabling both humidity monitoring and controlling of the ventilating fan's speed

to facilitate active air circulation and humidity reduction.

MATERIALS AND METHODS

Materials. Polyethylene glycol (PEG) (average M, 20,000), cellulose acetate (average Mn 50,000),
acetone absolute (>99.9%), and ethanol absolute (>99.9%) were all purchased from Sigma-Aldrich.
Graphene particles were purchased from Techinstro, Inc. Medical polyurethane (PU) adhesive
films (PERMEROLL Lite L34R 15, 8 um in thickness) were purchased from Nitto Denko, Inc. The
Slygard 184 silicone elastomer kit was obtained from Dow Corning, Inc. Nafion films (N117-15)
with thickness of 50 um were purchased from FuelCellStore, US.

Manufacturing of the PEG/CA films. CA was dissolved in acetone at the weight ratio of 15 wt.%,

and PEG was dissolved in the mix of ethanol and water (4:3 in volume) at weight ratio of 33 wt.%.
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To manufacture the uniform single-layer PEG/CA blend film, the PEG and CA solutions were
mixed at different PEG ratios ranging from 5 wt.% to 25 wt.%. As shown in Figure 1a, a film
applicator was utilized for blade coating of the blended solution on silicon wafers at different
thicknesses. The tested films thicknesses include 20 um, 40 pm, 60 um, 100 pm, and 150 um. A
suspended glass cover was applied on the blade coated film to reduce the evaporation rate and to
protect the drying procedure at room temperature for 6 hours. A razor was used to cut around the
edges of the film and to peel it off from the silicon substrate. In addition to the single-layer blended
film, we also manufactured PEG+CA double layer film by blade coating PEG first and then the
CA layer after the drying of the PEG layer (Figure 1b). Different thickness ratios between PEG
and CA layers were tested, including 1:1, 1:2, 1:3, 1:4, 3:1, and 4:1.

Assessing the humidity-induced bending response of PEG/CA Films. As schematized in Figure
lc, a humidity controllable system was set up by connecting an acrylic chamber (132x40x40 cm?)
to a humidifier which released controllable amount of humid mist into the chamber from an
opening at the upper surface of the chamber. There was a circular shape opening of 10 cm diameter
at the opposite end. This way, the humidity coming out from the opening can be more uniform and
controllable. The PEG/CA films were hung 2.5 cm away from the opening. The RH was monitored
by a commercial humidity sensor (Sensirion SEK-SHT40-AD1B) attached close to the film. For
the cycling test, the opening was firstly closed. After the humidity inside of the chamber became
uniform, the cover on the opening was removed and the specimen was exposed to the humidity for
15 seconds. After which, the opening was closed for 30 seconds for the first cycle whereas the rest
of cycles were closed for 45 seconds to ensure that the film was fully recovered to its original

position. The cycle was repeated multiple times. Throughout this process, the films' responses were



documented through images and videos, which were subsequently analyzed using MATLAB to
assess how the PEG/CA films reacted to fluctuations in humidity.

Quantifying bending angles via video analysis. For the analysis of experimental images and
videos depicting the bending behavior of PEG/CA films, a custom video processing algorithm was
developed using MATLAB. Initially, each video frame was cropped to isolate the region of interest,
focusing solely on the film itself (see Figure 1d). Subsequently, a fiber-matrix filter was employed
to accentuate the film's edges, enhancing their visibility. Additional processing techniques were
then applied to smooth the film's edges and convert the image into a binary format, rendering the
film region in white and the background in black (Figure 1e). To ensure accurate quantification, a
boundary tracing function was applied specifically to the rightmost boundaries of each specimen
to mitigate potential artifacts resulting from torsional effects during the bending process (Figure
1f). In order to determine the deflection of the specimens, the algorithm calculated the bending
angle by computing the dot product between a reference vector (depicted as the yellow dotted line
in Figure 1g) and tangent vectors associated with the specimen's edge. The reference vector was
established by the algorithm based on the initial position of the specimen before bending. This
process was executed for each frame within the videos, allowing for the capture of the bending
angle of each boundary section.

Utilizing PEG/CA films for passive greenhouse humidity control. The humidity control
chamber shown in Figure 1c was also utilized to simulate greenhouse conditions. To assess the
PEG/CA film's ability to regulate the internal RH within the greenhouse, a circular PEG/CA film,
50 um thick with a 10 cm diameter, was affixed externally, completely covering the opening.
Sensirion humidity sensors were positioned at the center of the opening and 15 cm away from it

on the chamber wall, both at the same height. By comparing data from these two humidity sensors,



we could contrast the humidity levels in areas with and without the smart cover. The humidifier
was cycled on for 30 seconds and then off for 2 minutes, and this cycle was repeated at least 10
times.

Manufacturing of the PEG/CA humidity sensor. In this study, we employed the corona
discharge enabled electrostatic printing (CEP) technology, as previously described, to print a
binder-free graphene network onto the humidity-sensitive PEG/CA substrate, thereby producing
the PEG/CA humidity sensors.* As illustrated in Figure 1h, the PEG/CA film was initially trimmed
to a size of 5x1.27 cm?. Subsequently, a 200 um-thick layer of polydimethylsiloxane (PDMS) was
applied to one side of the film. The uncoated surface was affixed to the underside of a polystyrene
petri dish cap. Dry graphene powder was placed within the petri dish. The CEP system was
employed to print the sample. After sealing the cap, a corona discharge (20 kV, 0.01 mA) was
applied to the top of the petri dish. Driven by electrostatic forces, binder-free graphene adhered to
the PEG/CA film within a mere 200 milliseconds. Subsequently, conductive threads were attached
to serve as electrodes. Finally, a Nitto PU film was affixed to the printed side, functioning as a
protective layer for the CEP-printed PEG/CA humidity sensor.

Active greenhouse humidity monitoring and regulation enabled by PEG/CA Humidity
Sensor. The CEP-printed PEG/CA humidity sensor underwent testing by exposure to varying
humidity levels. A multimeter (Agilent 34401A DMM) was employed to monitor resistance
changes in the sensor throughout the humidity cycling process, mirroring the humidification cycles
used in passive humidity regulation with PEG/CA films. The recorded data was then cross-
referenced with humidity measurements obtained from the Sensirion sensor. For active humidity
regulation, the PEG/CA humidity sensor was integrated with an Arduino Uno board and connected

to a DC motor fan (12 V, 6000 RPM) designed to enhance greenhouse ventilation. A



microcontroller was programmed to monitor the resistance of the humidity sensor and compare it
to a predefined threshold. When the sensor's resistance reached the designated threshold, the fan
would be activated. Once the humidity dropped down to 60% RH, the humidifier was set to operate
for 15 seconds to elevate the humidity level, thereby commencing the next cycle. Detailed
flowchart of fabrication methodology can be found in Figure S5.

Evaluation of Volume Expansion Behavior in PEG/CA Films. Due to the small dimensions and
rapid recovery of the films, traditional methods for measuring volume expansion were impractical.
Instead, we determined the volume difference by measuring the change in the film's mass. We

utilized the following Equation 1 to quantify the volume expansion,

AV Vi=Vo (mg-my)/p
0fy = — = =
V% Vo Vo LXW Xt (1)

where V represents volume, m represents mass, p signifies the density of water, and L, W, and ¢
represent the length, width, and thickness of the film, respectively. Each film was initially weighed
to obtain its initial weight m,. Subsequently, it was fully immersed in a container filled with
deionized water for 15 seconds. After the immersion process, the cleaned film was promptly
transferred to the balance for measuring the weight m after absorbing water.

Finite element simulation of PEG/CA film’s response to humidity. The bending behavior of the
PEG/CA film was simulated using a hygroscopic swelling model in the COMSOL Multiphysics®
software. In the simulation, the thin film was constrained in a similar manner to its physical
counterpart in the experiments (i.e., fixed at one end and free at the rest of its boundaries as a
cantilever beam). The hygroscopic swelling was governed by the Equation 2,

e= B XAC (2)



where 4C is the mass concentration difference (i.e., water vapor in this study) and S is the
coefficient of hygroscopic swelling of the material model. In this study, to better characterize the

material property of the PEG/CA film, £ values of the material were optimized in the finite element

simulations to match the experimental bending angles measured from video processing.
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Figure 1. Experiment setups and procedures. (a) Blade coating of single-layer PEG/CA blend film;
(b) Blade coating of double-layer film comprising PEG and CA layers; (c) Setup of the humidity
chamber setup for evaluating bending behavior and assessing the PEG/CA films’ capacity for
regulating humidity in a lab-scale greenhouse; (d) Image capturing PEG/CA film bending under
high humidity; (e) Processed image of the bending film; (f) Boundary tracing along the film; (g)
Tangent vectors used for bending angle calculation; (h) Manufacturing process of CEP-printed

PEG/CA humidity sensor.
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RESULTS

Humidity activated bending of PEG/CA films. As demonstrated in Figure 2a (blue line), the
water-absorbing component PEG plays a pivotal role in enhancing the hygroscopic swelling
performance of the PEG/CA film. However, when the PEG concentration exceeded 20 wt.%,
transparency and stiffness of the film were compromised. Hence, the recommended PEG blending
ratio falls within the range of 10-20 wt.%. Throughout the subsequent experiments, all PEG/CA
films contained 15 wt.% PEG.

The thickness of the PEG/CA film also has a significant impact on its bending behavior. As
indicated by Figure 2a (pink line), 2b, and 2c, thinner films, such as those at 20 pm, could achieve
a maximum bending angle of 66°. However, due to their reduced thickness, these films were more
prone to twisting and exhibited less stable bending behavior. In contrast, 40 um-thick films swiftly
reached a bending angle of 70° within just 6 seconds and extended to 118° within 9 seconds.
Remarkably, they efficiently reverted to their original straight state in a mere 10 seconds. In the
case of 60 um-thick PEG/CA films, they reached a maximum bending angle of 110° within 10
seconds and recovered after 25 seconds. Even the 100 um film demonstrated an impressive
maximum bending angle of 77°. However, when the film thickness increased to 150 um, the
maximum bending angle dropped to less than 30°. Thus, the recommended thickness range for
PEG/CA films falls between 40 pm and 100 um, ensuring both rapid, stable, and substantial
bending behavior as well as effective recovery within a short time frame. Furthermore, as indicated
in Figure S1 in the Supporting Information, the bending motion became more pronounced as the

length-to-width ratio of the film increased.
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Figure 2. Humidity-induced bending response in single layer PEG/CA films under exposure to 90%
relative humidity for 15 seconds at room temperature, followed by a 30-second recovery. (a)
Maximum bending angle in response to varying PEG weight ratio (blue line) and film thicknesses
(orange line); (b) Bending angle changes over time in single-layer PEG/CA films with different

thicknesses (PEG ratio 15 wt.%); (c) Optical snapshots of PEG/CA films with different thicknesses.

Reversible bending response of PEG/CA films. The humidity activated bending behavior of

PEG/CA films is reversible. In Figure 3, the 60 um-thick PEG/CA film consistently achieved a
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maximum bending angle of approximately 110° within 10 seconds in each cycle. Almost complete
recovery was attained within 20 to 40 seconds, and this behavior was found to be repeatable across
different cycles without any discernible degradation. Figure 3 also provides a comparative analysis
of cycling behaviors in films with varying thicknesses. Among these, the 60 pm-thick film
demonstrated the best repeatability and recovery performance. For the 20 pum-thick film, the
behavior was similarly reversible, with a maximum bending angle of around 70° and a swift
recovery to approximately 20° in less than 5 seconds. Likewise, the 150 pm-thick PEG/CA film
displayed reversible behavior, albeit with a maximum bending angle of less than 30°. For effective
humidity regulation in smart greenhouses, larger bending angles are preferable. Consequently,
films with thicknesses ranging from 40 to 100 pm are recommended.

Moreover, as illustrated in Figure S2, our demonstration reveals that PEG/CA films exhibiting
reversible responses to humidity present more promising prospects for humidity regulation in
greenhouses compared to Nafion films which are non-degradable sulfonated tetrafluoroethylene-
based fluoropolymer-copolymers. Additionally, Figure S3 illustrates that double-layer PEG+CA
films also display commendable reversible responses to humidity, albeit with reduced reactivity

when compared to their single-layer counterparts.
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Figure 3. Assessment of cyclic humidity-induced bending angles in single-layer PEG/CA films,
comparing the maximum bending angles for 20 um, 60 um, and 150 pm thicknesses

Humidity regulation of greenhouses with PEG/CA films as smart glazing. The effectiveness
of PEG/CA films for regulating humidity in greenhouses was evaluated by applying the film to a
lab scale greenhouse (Figure 1c). As illustrated in Figure 4a, when the humidifier was activated,
the RH in the uncovered section of the greenhouse remained constant at approximately 95%, and
it did not decrease even after the humidifier was turned off. In contrast, the area near the opening
covered by the PEG/CA smart cover displayed high sensitivity to water vapor. When the humidity
near this area surpassed 60%, the film promptly bent towards the side with lower humidity within
seconds, thereby creating an open-air pathway for water vapor to escape from the greenhouse, as
depicted in Figure 4b. The humidifier was initiated at the 0-second mark, and within moments,
even before the visual detection of water vapor passing through the pathway, the smart cover began
to bend, underscoring its exceptional sensitivity to water vapor. After 30 seconds, the humidifier

was turned off for two minutes. Given the size of the acrylic greenhouse chamber, it took
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approximately 60 seconds for the water vapor to be detected emerging from the pathway,
prompting the cover to maintain its bent position. Around the 80-second mark, the greenhouse's
humidity had decreased sufficiently, prompting the smart cover to gradually return to its original
position. Ultimately, the humidity near the PEG/CA smart cover area decreased to as low as ~60%
within 50 seconds, and the cover was almost fully closed at about the 150-second mark, just before
commencing the second cycle.

As shown in Figure 4a, these humidification and dehumidification cycles were repeated at least
10 times. This humidity-activated opening and closing behaviour is highly reproducible, offering
a straightforward, efficient, environmentally friendly, and continuous passive method for humidity

regulation in greenhouses.
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Figure 4. The humidity regulation efficacy of the PEG/CA smart film for greenhouse. (a)

Comparison of relative humidity (RH) levels with and without the smart cover during humidity

cycling; (b) Optical images of the opening and closing sequence of the smart cover throughout a

single humidity test cycle, synchronized with the RH fluctuations induced by the PEG/CA film.

16



Monitoring humidity with CEP-printed PEG/CA humidity sensor. As depicted in Figure 11,
we applied the CEP printing process, as outlined in our prior publication, to print binder-free
graphene powders onto the PEG/CA films *°. Based on our prior work, it's important to note that
the CEP-printed binder-free network is remarkably sensitive to the stress and strain exerted on it.
The resistivity of the graphene network undergoes fluctuations with the bending and recovery of
the PEG/CA substrate. This unique capability serves as the foundation for the creation of humidity
sensors and their application in greenhouse humidity regulation.

In Figure 5a, we present the results of cyclic humidity monitoring, which involve a comparison
between the data collected by the commercial Sensirion humidity sensor and our CEP-printed
PEG/CA sensor. Zooming in on the cycles in Figure 5b, we observe that the resistivity of the
PEG/CA sensor decreased as humidity levels rose. Notably, the PEG/CA sensor demonstrated an
even faster response than the commercial sensor. When the humidifier was deactivated, the
humidity reading decreased, leading to an increase in the sensor's resistivity. As the next cycle
commenced, the resistivity of the PEG/CA sensor remained elevated until the commercially
measured humidity surpassed 80%. This highlights the remarkable sensitivity of the CEP-printed
sensor in the humidity range from 80% to 100%, which is particularly relevant for greenhouse
operations. Greenhouses typically require humidity levels to be maintained below or around 80%
during various stages of plant growth.*® Subsequently, as the humidity reached approximately 80%,
the resistivity decreased rapidly due to the bending behavior of the PEG/CA film. When the
humidity returned to the ~80% mark, the resistivity increased once again. This entire process, as

depicted in Figure 5a, illustrated excellent reversibility and cyclic performance. Therefore, the
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CEP-printed PEG/CA sensor proves to be highly effective for humidity monitoring. Furthermore,
in comparison to commercial humidity sensors, it exhibits greater sensitivity when humidity levels
exceed ~80%, rendering it particularly well-suited for greenhouse humidity regulation.
Additionally, its response time outpaces that of some of the top-performing humidity sensors

currently available on the market.
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Figure 5. Variation in resistivity of the CEP-printed PEG/CA humidity sensor. (a) Comparative

analysis of resistivity changes in the PEG/CA sensor with readings from a commercial humidity
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sensor during cyclic humidity exposure; (b) In-depth examination of two cycles, illustrating the

correlation between the bending of the PEG/CA sensor and changes in resistivity.

Active humidity regulation through control of ventilation fan using PEG/CA humidity sensor.
The CEP printed PEG/CA sensor provides an effective way to transfer the humidity status to
electric signal, which opens more possibilities for active humidity control. As demonstrated in
Figure 6, the PEG/CA humidity sensor was utilized to control a ventilation fan. When the RH
exceeded 80%, the relative resistance (resistance over the reference resistance when the film is flat)
of the PEG/CA sensor dropped below a predetermined threshold value (approximately 150%
relative resistance in this instance). This triggered the controller to activate the fan, which initiated
the circulation of air and the expulsion of water vapor through the opening. Consequently,
greenhouse humidity levels rapidly decreased to 60% or below. This experiment was successfully
replicated, consistently yielding reproducible results, as depicted in Figure 6. Compared to the
passive method, this active regulation method allows for faster and more efficient control of

greenhouse humidity.
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Figure 6. Humidity regulation impact of actively controlling the greenhouse ventilation fan with

the CEP-printed PEG/CA humidity sensor.

DISCUSSION

Bending mechanism of the PEG/CA film. The bending response of the PEG/CA film to changes
in humidity can be attributed to its remarkable hygroscopic expansion capability. As one side of
the film is exposed to elevated humidity, it undergoes an increase in length due to the absorption
of water molecules. This, in turn, induces internal strain within the film, resulting in its bending
toward the lower humidity side. The hygroscopic expansion behavior of PEG/CA films was
systematically assessed through both experimental and computational means. In Figure 7a, a
comprehensive summary of the volume expansion in PEG/CA films with varying thicknesses is
presented, following full immersion in water for 5 seconds, 15 seconds, and 30 seconds. It is
readily apparent that longer immersion times lead to increased volume expansion. Notably, for
films thinner than 60 pm, the volume expansion rate (indicated by the slope of the volume
expansion line) from 5 seconds to 15 seconds exceeded that from 15 seconds to 30 seconds. This
observation suggests that PEG/CA films possess the capacity to swell rapidly, with thinner films
reaching full saturation more expeditiously. Conversely, for films thicker than 60 pm, the volume
expansion rate remained relatively constant within the initial 30 seconds, affirming the swift
responsiveness of PEG/CA films to elevated humidity levels. Furthermore, it's essential to
highlight that thinner films exhibit more substantial volume expansion compared to their thicker
counterparts. For instance, 20 um-thick films achieved a volume expansion as high as 23.25% after
30 seconds, while 150 um films only achieved an 8.37% expansion. This discrepancy provides a
clear rationale for the observation of more substantial bending angles in thinner films ranging from

40 to 100 pum thickness that we recommended.
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To gain deeper insights into the hygroscopic expansion characteristics of the PEG/CA material,
we conducted COMSOL simulations to comprehensively analyze the bending behavior of
PEG/CA films. Specifically, we computationally estimated the f for the PEG/CA polymer by
comparing the maximum angular deflection (0,4x) in the simulation, which incorporated varying
p values, with the experimental value. This iterative process aimed to minimize the disparity in
angular deflection. Our estimation relied on psychrometric data related to water vapor and the
laboratory environment, in conjunction with the maximum deflection angle observed at the
midpoint of each film specimen with distinct thicknesses. As depicted in Figure 7b, we calculated
the /S value to be 0.142 + 0.025 m?/kg, with a 95% confidence interval. This calibrated f for the
PEG/CA material equips us to predict the bending behavior of PEG/CA films with arbitrary
thickness under specific humidity conditions. Such predictive capabilities can significantly
facilitate the design of humidity sensors based on PEG/CA.

For instance, Figure 7c provides an illustration of the simulated angular deflection (left), the
distribution of the first principal strain (middle), and the Von Mises stress (right) when a 60 pm-
thick PEG/CA specimen was exposed to an 80% RH. Impressively, the simulated deflection shape
closely aligns with the experimental observations, as seen in Figure 1d, underscoring the validity

and accuracy of our simulations.
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Figure 7. The bending of the PEG/CA films caused by their hygroscopic expansion property. (a)
Volume expansion of PEG/CA films with varying thicknesses during full immersion in water for
5 seconds, 15 seconds, and 30 seconds; (b) Calibration of the coefficient of hygroscopic swelling
(p) for PEG/CA material; (c) Simulated distribution illustrating angular deflection (left), first

principal strain (middle), and von mises stress (right) in a 60 um-thick PEG/CA film exposed to

80% relative humidity.

Sensing mechanism of the CEP-fabricated PEG/CA humidity sensor. The alterations in
resistance observed in the CEP-printed PEG/CA humidity sensor were postulated to stem from the
microstructural modifications within the binder-free graphene network. These changes occur as a

response to variations in the shape of the PEG/CA substrate induced by hygroscopic swelling and
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bending.*>*’ To scrutinize the electrical properties of the graphene networks fabricated through the
CEP method, a meticulous finite element analysis was executed by employingthe microstructures
of the graphene network. In particular, an open-source MATLAB algorithm, namely DigiSim, was
initially embraced and subsequently tailored to construct computational material models derived
from microscopic images of the graphene networks.*® The algorithm commenced by employing
image filtering techniques to convert optical images of the samples, encompassing both the
graphene particles and the voids between them, into binary images. These binary images were then
subjected to a vectorization function to extract their geometric characteristics, generating a
corresponding DXF design file. This file served as the material model for finite element
simulations performed using the AC/DC Module within the COMSOL Multiphysics software.

In order to investigate the influence of humidity-induced bending behaviour on the electrical
properties of the CEP-fabricated graphene networks (i.e., the sensing mechanism), optical
microscopy was employed to capture the microstructures of the samples at varying bending angles
(i.e., 0° 60° and 108°), as depicted in Figure 8a-8c. Subsequently, these images (Figure 8a-8c
corresponding to 0°, 60°, and 108° bending angles) were converted into computational material
models using the MATLAB algorithm described earlier. For each material model, ground and
terminal boundaries were assigned to the left and right edges, respectively. Furthermore, a constant
current of 2 mA was introduced into the material network, mirroring the procedure used in the
DMM's resistance measurement mode. Figure 8d-8f illustrate the simulated electrical potential
distributions within the graphene networks when the substrate was bent to 0°, 60°, and 108°,
respectively. It is evident that the electrical potential became more uniformly distributed as the
substrate's bending angle increased, signifying that the graphene particles became denser due to

the compression induced by deflection.
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It is worth noting that the microscopic setup employed to capture these images featured 3D-
printed PDMS as imagingsupports. These PDMS supports precisely replicated the deflection
shapes observed in the 60-um thick PEG/CA films, with the graphene networks positioned on the
compression side, as illustrated in Figure S4. Consequently, the computational study corroborated
the hypothesis that the sensing functionality of the CEP-fabricated humidity sensors stemmed from
the configuration change in the graphene networks during bending. Specifically, the graphene
particles became more densely packed, creating additional electrically conductive pathways during

bending, resulting in a decrease in measured resistance.

40x107V
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Figure 8. Investigating the influence of bending on electrical properties of CEP-fabricated
graphene networks. (a-c) Optical micrographs of graphene networks with substrate bending angles
of 0, 60, and 108 degrees, respectively. Graphene networks are depicted in black, while voids are
shown in white. (d-f) Simulated electrical potential distributions in the material network for the

scenarios depicted in (a-c), respectively.
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Energy saving analysis. Drawing from the findings above, we claim that employing both passive
and active methods for greenhouse humidity regulation can intelligently conserve energy.
Typically, greenhouse ventilation systems consume roughly 5.38 to 10.76 kilowatt-hours per
square meters per year.*>* However, with a refined sensing and variable speed control system, the
energy consumption of these fans can be reduced by around 25%.°! According 2019 U.S. Census
of Horticulture Specialties, the greenhouse operations in the USA cover a total area of 5.26x10%
square meters.>> Thus, implementing our smart active fan control system could potentially yield
annual energy savings ranging from about 7.07 to 14.15 gigawatt-hours in the US. Conversely,
considering that the operating time of the vent motor in a natural ventilation system typically
amounts to approximately 0.5 hours per day, compared to an average of 5 hours per day for the
fan-controlled active system, adopting a passive system that facilitates natural ventilation without
controlled fans could lead to a substantial 75% reduction in energy consumption.*>* This
translates to annual energy savings ranging from approximately 21.22 to 42.45 gigawatt-hours in
the US. Therefore, in total, the full introduction of the passive + active PEG/CA humidity

regulation system can save up to 56.6 gigawatt-hours energy for the US.

Potential application in area where outdoor humidity is higher than indoor. As mentioned
earlier, the optimal humidity level for greenhouse crop production typically ranges below or
around 80%.% In regions where humidity levels exceed 80%, employing a sensor-controlled
dehumidifier would be more effective than utilizing a fan for humidity reduction in conjunction
with our active method. Moreover, with the passive method, we can incorporate a polyethylene
terephthalate (PET) film on the exterior of our smart glazing cover to prevent excessive outdoor

humidity from triggering the bending of the cover and infiltrating the greenhouse.
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CONCLUSIONS

To conclude, we have successfully demonstrated the fabrication of biodegradable smart glazing
materials for greenhouse humidity regulation using PEG/CA blend films. Our findings indicate
that films with a thickness ranging from 40 um to 100 um exhibit rapid, stable, and sufficient
bending behavior, along with faster recovery. The coefficient of hygroscopic swelling of the
PEG/CA material system was calibrated, which can facilitate the prediction of the bending
behavior of the PEG/CA films of an arbitrary thickness under a certain humidity. Leveraging the
bending behavior of PEG/CA films, we have successfully demonstrated effective and repeatable
greenhouse humidity regulation to as low as 60% RH through the use of PEG/CA covers.
Combined with the CEP technology, we have fabricated PEG/CA humidity sensors that enable
active air circulation and humidity reduction by controlling a built-in ventilating fan within a lab-
scale greenhouse. These sensors have demonstrated stability, repeatability, and excellent
sensitivity performance compared with one of the best commercial humidity sensors. We have also
investigated the sensing mechanism of the CEP-fabricated PEG/CA humidity sensors via
microscopic imaging coupled with finite element simulations. It was found that the CEP-fabricated
graphene networks became more compacted upon bending motions, which could render the
material networks more conductive and generate measurable decrease in the resistance of sensors.
In summary, our results provide robust evidence supporting the application of biodegradable
PEG/CA films as smart glazing materials for effective greenhouse humidity regulation through
both passive and active ways. These findings underscore the enormous potential for scaling up to
commercial greenhouse operations, presenting a promising avenue for addressing global food

shortages and famine while prioritizing sustainability.
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The implementation of eco-friendly and biodegradable smart covers presents a viable
alternative to conventional non-degradable coverings for achieving humidity regulation in

sustainable greenhouse systems.
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