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SUMMARY
In-situ monitoring of non-uniform strains in spacecraft parachute canopies is essential to ensure safe land-
ings. Traditional wearable strain sensors struggle to meet high-resolution measurement requirements due to
their low density. In-situ inkjet printing offers a promising solution for fabricating high-density strain sensor
arrays directly on the fabric surface. However, capillary effects in the canopy fabric cause droplet leakage,
hindering stable printing. To address this, we drew inspiration from nature, using modified silane to mimic
thewax layer of coconut husk for modifying the canopy fabric, which enabled the in-situ fabrication of a strain
sensor array via inkjet printing. This modification overcame capillary effects and balanced the fabric’s wetta-
bility, essential for stable printing. Furthermore, a layered printing strategy was designed to increase sensor
density to 4 units$cm�2, facilitating high-resolution measurement of non-uniform strains in the canopy. This
study offers a feasible approach for developing sensors for large-scale parachute strain measurements.
INTRODUCTION

Parachutes utilize aerodynamic drag to decelerate, ensuring the

controlled and stable landing of spacecrafts.1 The parachute’s

primary load-bearing components include the canopy and sus-

pension lines. The canopy is constructed from stitched fabric

panels rather than a monolithic structure, commonly experi-

encing non-uniform deformation during working. Additionally,

during spacecraft landing, the parachute is subjected to com-

plex environmental factors such as temperature variations, dy-

namic loads, wind speeds, etc. Poor design of the main canopy

fabric structure can cause the tear and destruction of the para-

chute fabric, leading to hazardous situations. Therefore, moni-

toring the non-uniform strains in the parachute fabric under

operational conditions can enhance our understanding of the

mechanisms involved in the deployment, inflation, and descent

phases, which is crucial for optimizing the structural design of

parachutes.2–4 Because strains are distributed across the entire

parachute fabric, effective monitoring requires large-area mea-

surement rather than discrete-point measurement, necessitating

the development of strain sensor arrays. Based on calculations

using the fiber distribution on the fabric surface of Chinese

spacecraft parachutes, a strain sensor array density of at least

4 units$cm�2 is required for high-resolution measurement of
iScience 28, 111794, Febr
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the parachute fabric’s strains during working. However, existing

reports on strain sensor arrays have primarily focused on flexible

electronics for monitoring physiological movements, with few

strain sensor arrays achieved the density of 4 units$cm�2.5–8

Their densities cannot meet the requirements for strain sensor

arrays used in parachutes. In addition, the limited reports on

parachute strain sensors are primarily designed for single-point

measurements.9–12 Therefore, it is important to design strain

sensor arrays to meet the density requirements of parachutes.

Fabric-based flexible sensors integrate functional sensingma-

terials such as conductive organic polymers, metallic nanopar-

ticles/nanowires, carbon-basedmaterials, into textile, integrating

themaspart of the fabric structure.13–16 Theyexhibit superiorme-

chanical compliance compared to metal strain gauges and opti-

cal fiber sensors, enabling precise strain measurements.17–20

The fabrication methods of fabric-based sensors include

weaving, coating, and so on. Although the weaving method can

fabricate sensitive strain sensors, differences in mechanical

properties between conductive fibers and fabrics may lead to

distinct strain behaviors, potentially resulting in inaccurate strain

signals.21 The coating methods not only increase accuracy but

also simplify the constructionof high-density strain sensor arrays.

Digital inkjet printing, classified as a coating technique, is amask-

free method with high time efficiency and spatial resolution,
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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ensuring the large-scaleand low-cost fabrication.22 It enableson-

demand deposition of functional inks, thereby enabling the effi-

cient and scalable production of high-density strain sensor

arrays.23–25 For water-based conductive ink, it is essential to

balance the hydrophilicity and hydrophobicity of the printing

substrate.26,27 A highly hydrophobic substrate may cause ink

droplets to roll, hindering stable deposition, while a highly hydro-

philic substrate can result in excessive spreading of ink droplets,

leading to blurred patterns and edges.28,29 Thus, achieving

proper wettability is a critical prerequisite for high-quality inkjet

printing. More importantly, the presence of micro-pores, capil-

laries, surface defects, and inter-fiber voids within the fibers of

parachute fabric often leads to capillary effects during inkjet print-

ing,30–32 causing ink penetration and blurred patterns. Conse-

quently, overcoming capillary effects and achieving balanced

wettability are significant challenges in ensuring continuous

high conductivity in printed circuits on fabrics.33

Currently, the primary methods for adjusting substrate wetta-

bility involve introducing micro-nano structures or modifying the

chemical composition of the materials.34 However, due to their

complexity and expensiveness, these methods are not suitable

for large-scale parachute fabric. Therefore, it is of great impor-

tance to find a cost-effective method that preserves the mate-

rial’s intrinsic mechanical properties while imparting proper

wettability to enhance the inkjet printing performance on the

substrate. It is well known that the outermost layer of most plants

is covered by a dense, colorless, and transparent waxy layer pri-

marily composed of very long-chain fatty acids and their deriva-

tives, including aldehydes, alcohols, alkanes, ketones, esters

and triterpenoids. This layer can prevent water loss, rain impact,

and pathogen infection, thereby maintaining plant’s water bal-

ance and promoting healthy growth.35 Inspired by the waxy layer

on the plant surfaces, directly coating a thin, modified layer

similar to waxy layer onto the fabric surface may overcome the

capillary effects and enable successful inkjet printing.

Here, drawing inspiration from nature, we propose a simple

and low-cost fabric modification method that enables direct ink-

jet printing on the parachute canopy fabric, facilitating the in-situ

fabrication of a high-density strain sensor array to measure the

canopy’s non-uniform strains. First, inspired by the waxy layer

on coconut shells, we innovatively used lost-cost modified silane

(MS) to modify parachute canopy fabric. This method not only

overcame the capillary effects in fabrics, but also balanced the

wettability of the substrate, enabling stable inkjet printing of wa-

ter-based inks on the fabric. By utilizing water-based conductive

polymers, poly (3,4-ethylenedioxythiophene): poly (styrene sul-

fonate) (PEDOT:PSS), we successfully fabricated a high-density

strain sensor array (4 units$cm�2) through a layered circuit print-

ing strategy. Ultimately, we performed in-situ fabrication of a

43 4 array of flexible, high-density strain sensors on the canopy

fabric. The sensor unit on the canopy fabric exhibited good

sensitivity and linearity during measuring strains. What’s more,

the resulting sensor array was integrated into a custom-built

strain monitoring system and experimental results confirmed

its effectiveness in high-resolution monitoring the strain distribu-

tion of canopy fabric. The proposed design and fabrication of the

fabric-based strain sensor array provide a feasible approach for

measuring large-scale parachute strains.
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RESULTS AND DISCUSSION

FEA for non-uniform strains of the canopy fabric
During the deceleration and landing process of spacecraft, the

parachute is in a complex environment. We simply investigated

the strain distribution of the parachute fabric under uniaxial ten-

sion, biaxial tension, and dislocation by constructing a model of

the fabric and performing finite element analysis (FEA). As shown

in Figures 1A and 1B, during uniaxial tension, the entire deforma-

tion process was supported by the tensioned fabric yarns. Apart

from the yarns in tension direction undergoing deformation, yarns

in the orthogonal direction remained unaffected. Upon fabric fail-

ure, the fabric components lost theweft yarn constraint, rendering

themunable tomaintain the original woven structure. As shown in

Figure 1C, during biaxial tension, the load-bearing structure con-

sisted of weft andwarp yarns. The failure process occurred at the

intersection area, culminating in the complete failure of the entire

connecting structure. As shown in Figure 1D, during dislocation

process, the load-bearingstructureunderwentcomplexchanges,

initially comprising the outermost yarns. As displacement

increased, various degrees of load appeared across the intersec-

tion areas. Ultimately, the failure of the canopy fabric gradually

occurred, culminating in a complete rupture. FEA results indi-

cated that the parachute fabric underwent diverse deformation

conditions during operation. Therefore, accurate measurement

and analysis of the non-uniform strains are crucial for ensuring

the optimal design of parachutes and safe landing of spacecrafts.

Bionic surface modification of the canopy fabric
The capillary effects of parachute canopy fabric caused the

adsorption and penetration of water-based silver nanoparticle

ink into the fabric substrate, often resulting in blurred patterns

and discontinuities in printed circuits. The parachute fabric

used in this study was woven from nylon-66 fibers. As illustrated

in Figure S1, inkjet printing on the unmodified fabric resulted in

blurred circuit lines. Therefore, surface modification of the fabric

was necessary to eliminate capillary effects and achieve contin-

uous high conductivity in the printed circuits. As shown in Fig-

ure S2, experimental results demonstrated that on a highly

hydrophobic polydimethylsiloxane (PDMS) surface, conductive

ink droplets coalesced, producing discontinuous patterns. In

contrast, when the printing substrate was replaced with a hydro-

philic polyurethane surface, which offered better interfacial inter-

action with the conductive ink, the resulting patterns were

smooth and uniform. Therefore, the selection of a modified ma-

terial with proper wettability for water-based ink was crucial for

achieving optimal inkjet printing outcomes.

It is well known that numerous plant surfaces in nature are

covered with a dense, isolated waxy layer that serves as a phys-

ical barrier. This waxy layer prevents external water and patho-

gens from penetrating the plant’s epidermis, reduces internal

water loss, and ensures that external water droplets do not infil-

trate the plant’s internal structure, while not interfering with the

normal activities and functions of the leaves.36,37 This inspired

us tomodify the canopy fabric substrate for overcoming capillary

effects. To further investigate the hydrophilicity and hydropho-

bicity of the waxy layer, specifically, we selected three fresh

plant components for analysis: semiaquilegia adoxoide leaves,



Figure 1. FEA results of the parachute canopy fabric deformed under three conditions

(A and B) FEA results of the parachute canopy fabric under uniaxial tension.

(C) FEA results of the parachute canopy fabric under biaxial tension.

(D) FEA results of the parachute canopy fabric under dislocation.
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lagedium sibiricum leaves, and coconut shells. The water con-

tact angles (WCAs) of these samples were measured to evaluate

the hydrophobicity or hydrophilicity of their external waxy layers.
As shown in Figures 2A and S3, the WCAs for these three plants

were 114.924�, 112.223�, and 75.468�, respectively.38,39 Since

water-based ink needed to both overcome capillary effects
iScience 28, 111794, February 21, 2025 3



Figure 2. The biomimetic modification of parachute fabric

(A) Schematic diagrams of a coconut and its shell, accompanied by the structure, SEM images, and water contact angle of the waxy layer.

(B) Schematic diagrams of the biomimetically modified parachute fabric for stable inkjet printing.
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and spread on the surface to form clear patterns, we inferred that

the more hydrophilic properties of the waxy layer on the coconut

shell would be suitable for inkjet printing. To clearly see the wax

layer, as shown in Figure 2A, coconut shells were characterized

using cryoelectron microscopy. The surface waxy layer of the

coconut shell was smooth with no obvious microstructures,40,41

primarily acting as a dense and isolated waxy coating. Inspired

by this, as shown in Figure 2B, we imitated this protective layer

to overcome capillary effects of parachute fabric and balance

the wettability of the fabric for successful inkjet printing. How-

ever, direct synthesis of waxy materials was challenging. There-

fore, we sought an alternative coating for the parachute fabric

that could provide a cost-effective surface modification to over-

come capillary effects and achieve the required wettability. First,

we used every-day nail polish to modify the fabric. After applying

and drying the nail polish on the parachute fabric, we success-
4 iScience 28, 111794, February 21, 2025
fully performed inkjet printing using a silver nanoparticle ink so-

lution on the canopy fabric. As shown in Figure S4, the printed

silver nanoparticle ink remained stable and did not flake off

despite repeated folding and rubbing, demonstrating the feasi-

bility of the surface modification. However, nail polish hardened

and became brittle upon drying, which negatively affected the

intrinsic mechanical properties of the parachute. To ensure

that themechanical properties of the fabric remained unchanged

post-modification, the surface modification material should

exhibit a low elastic modulus for good conformality. Moreover,

after printing the conductive ink, it needed to be cured and

formed at 150�C. Therefore, the surface modification material

also should exhibit robust high-temperature resistance.

Through extensive trials, we discovered that MS, a widely used

sealant based on end-silane polyether as the fundamental poly-

mer, demonstrated good adhesion to substrates. Moreover, MS
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exhibited a low elastic modulus and high-temperature resistance.

Therefore, MS was employed as a surface modifier for parachute

fabric. As shown in Figure S5, optical microscopy and scanning

electronmicroscopy (SEM) images demonstrated that the original

unmodified parachute fabric had noticeable pores among the

fibers. After modification with MS, the surface of the parachute

fabric appeared smoother, with the pores effectively eliminated.

Contact anglemeasurements showed that theWCAs of the fabric

before and after modification were both approximately 78�, indi-
cating minimal change in wettability. However, detailed observa-

tions during the testing process showed that when water droplets

were dropped on the unmodified fabric, they were quickly ab-

sorbed by the fabric within 5 s, resulting in a WCA of 0�. In
contrast, when water droplets were dropped on the surface of

the modified fabric and observed with a camera over a period

of 10 s, the fabric did not exhibit macroscopic absorption of the

droplet, and theWCA remained constant. These results indicated

that coating with MS effectively eliminated the fabric’s capillary

effects. What’s more, the modifier imparted appropriate wetta-

bility to the canopy fabric, ensuring stable inkjet printing patterns

with clear edges and good uniformity. Furthermore, we inferred

that the mechanism by which the modified surface achieves suit-

able wettability for inkjet printing could be explained by the

concept of contact angle hysteresis,42 which resulted from the

combined repulsive and attractive forces between the inkjet and

the surface. This study focuses on the wettability properties of

the modified surface, while the underlying mechanism will be

explored in greater detail in our future research.
Design and fabrication of the strain sensor unit and
array
Design and fabrication of the strain sensor unit

PEDOT:PSS is a classic conductive polymer widely employed in

various fields, including flexible electronics,43 sensors,44 and

organic light-emitting diodes (OLEDs).45 PEDOT exhibits high

conductivity, reaching up to 300 S cm�1, but has poor water sol-

ubility. Insulating PSS can stabilize the dispersion of PEDOT and

endow PEDOT with water solubility and processing perfor-

mance. We chose PEDOT:PSS as the conductive ink and em-

ployed inkjet printing to fabricate the sensing section of the strain

sensor. As shown in Figure 3A, the strain sensor unit consisted of

two components: the PEDOT:PSS sensing section and the

conductive silver electrode. The sensing section was a rectan-

gular high-resistance area with a size of 2.5 mm 3 1 mm, and

the conductive silver circuit was low-resistance area with a width

of 0.5 mm. When the parachute fabric was subjected to strain,

the resistance of the PEDOT sensing section exhibited a corre-

sponding change. The sensitivity of the strain sensor was repre-

sented by gauge factor (GF), defined as the ratio of the relative

change in electrical signals to the applied strain.46 The GF of

this strain sensor was calculated by the equation below:

GF =
DR

εR0

where R0 was the original resistance, and DR was the relative

change of resistance, and ε was the applied strain.
In order to measure and calibrate the electromechanical per-

formance of the sensor unit, we fixed the parachute canopy fab-

ric, which was printed with an ink-jet printed sensor unit, in the

clamps of the tensile testing machine. The two ends of the

sensor unit were boned with copper wires using conductive sil-

ver paste. The fabric was stretched at a speed of 100 mm

min�1 and resistance changes were measured by using an

Inductance, Capacitance, Resistance (LCR) digital bridge. As

shown in Figure 3B, the sensor unit showed a GF value of

8.723 and a linearity with a goodness-of-fit R2 value of 0.9882.

Consequently, the stretching tests confirmed that the sensor

unit enabled accurate parachute strain measurements, exhibit-

ing both good sensitivity and excellent linearity, thereby demon-

strating its suitability for constructing a sensor array.

Design and fabrication of a high-density strain sensor

array

The single sensor unit could only measure the strain of discrete

point. However, during parachute operation, non-uniform strains

were distributed across the entire fabric surface. To accurately

monitor the non-uniform strains at various locations across the

parachute canopy fabric, it was necessary to design and print

a sensor array to ensure large-area conformal coverage. There-

fore, a flexible strain sensor array was fabricated by inkjet print-

ing on the parachute canopy based on the single sensing unit. As

shown in Figure 3C, in order to simplify the construction layout of

conductive circuits andmaximize the density of the sensor array,

we designed a circuit with shared electrodes and conductors to

avoid the complexity of setting up individual sensing units, elec-

trodes, and lead wires.47 Each column of sensor units shared

one side electrode, and the conductive lineswere arranged verti-

cally. Each row of sensor units shared the other side electrode,

and the conductive lines were arranged horizontally. All silver

conductive lines were designed with an S-shaped curve to mini-

mize resistance changes caused by the deformation of silver

lines. The endpoints of the horizontal and vertical conductive

lines were printed with pads for the connection to the signal

acquisition system. This design approach expanded the effec-

tive measurement area and facilitated the construction of high-

density arrays.

During the fabrication of pressure sensor arrays, the crossing of

conducting circuits was unnecessary since the electrodes were

positioned perpendicular to the active sensing layers. However,

the electrodes of strain sensors must be arranged on the same

plane as the sensing elements. As the number of sensor units

increased, the circuit crossing issues inevitably emerged. To

address this issue, we employed a layered inkjet printing tech-

nique for the fabrication of sensor circuits. The entire fabrication

process for the strain sensor array relied solely on inkjet printing.

This technique incorporated an insulating isolation layer to ensure

the insulation and division of the circuit, preventing the interfer-

ence between horizontal and vertical circuit lines. Thus, three

types of inkswere usedduring this process: PEDOT:PSS conduc-

tive ink, silver nanoparticle conductive ink, and UV insulation ink.

These inks functioned as the sensing elements, conductive cir-

cuits, and the insulation layers, respectively. The printing process

encompassed four steps: printing horizontal silver conductive

lines, printing the insulation layers, printing vertical silver conduc-

tive lines, and printing PEDOT:PSS sensing units. Ultimately, as
iScience 28, 111794, February 21, 2025 5



Figure 3. Schematic diagrams of the design and fabrication of strain sensor unit and array

(A) Schematic diagram of the strain sensor unit (top) and the photo of the inkjet-printed sensor unit (bottom).

(B) Relative resistance change (DR / R0) of the sensor unit versus the applied strain of 1–9%.

(C) Photos of the inkjet printing process for a 4 3 4 strain sensor array.

(D) Schematic diagram of the strain sensor array (top) and the photo of the strain sensor array (bottom).
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shown in Figure 3D, the sensor array featured a 43 4 array layout

with a row and column spacing of 6.67 mm each. The effective

measurement area of the sensor array was 4 cm2, and the

arrangement density was 4 units$cm�2. This design and fabrica-

tion method enabled in-situ manufacturing of the flexible sensor

array on the canopy fabric for the parachute strain measurement.

The STARMethods section provided a detailed description of the

manufacturing processes and conditions.

Quality analysis of in-situ manufactured strain sensor
array
As shown in Figures S6A and S6B, we selected one solder pad

and one corner of the silver circuits as representative areas to

evaluate the inkjet printing quality of the bottom conductive cir-

cuits. The printed solder pad displayed a regular shape with

well-defined edges and the corners of the silver wire also dis-

played clear boundaries. Therefore, these results indicated inkjet
6 iScience 28, 111794, February 21, 2025
printing process was successful for the bottom layer’s silver cir-

cuits. Discontinuous cracks observed on the solder padsmay be

attributed to temperature fluctuations occurring during the fabri-

cation process, specifically during the transition from a high-

temperature curing environment to room temperature. However,

it had a subtle impact on the conductivity of bottom silver cir-

cuits. The intersection points and corners of the silver circuit

were selected as representative areas to evaluate the inkjet

printing quality of the insulation layer and the top layer’s circuits.

As shown in Figures S6C and S6D, the insulation layer had reg-

ular edges and formed a bridging structure with the bottom

layer’s lines, ensuring effective insulation between the top and

bottom layers. Additionally, the smoothness of the insulation

layer ensured the surface of the upper silver circuit also remained

smooth. Compared with the top silver circuits, the bottom silver

circuits were uneven. This was because the parachute canopy

fabric was less smooth than the insulation layer. Overall, the



Figure 4. Schematic diagrams of the test setup and data acquisition design

(A) Schematic diagram of the test setup for evaluating strain sensor performance.

(B) Schematic diagram of the circuit structure for the strain sensor array and signal acquisition system.
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inkjet printing quality met the requirements of the parachute

strain measurement.

Mechanical and electrical characterization of the strain
sensor array
As shown in Figure 4, the experimental setup for testing the

properties of the strain sensor array included a tension testing

machine and a data acquisition module. The data acquisition

system composed of a multiplexer, an isolation transmitter,

and a data acquisition card. A scanning circuit was used to mea-

sure the performance of each sensing unit. As shown in
Figures 4A and S7, the voltage signals were collected by the

data acquisition system and recorded via the LabVIEW user

interface. And the interface showed the strain sensor array with

16 sensing units as follows: 1-(X0, Y0), 2-(X0, Y1), 3-(X0, Y2),

4-(X0, Y3); 5-(X1, Y0), 6-(X1, Y1), 7-(X1, Y2), 8-(X1, Y3); 9-(X2, Y0),

10-(X2, Y1), 11-(X2, Y2), 12-(X2, Y3); 13-(X3, Y0), 14-(X3, Y1), 15-

(X3, Y2), and 16-(X3, Y3). Therefore, as shown in Figures 4B and

S8, the scanning function of the circuits was achieved by control-

ling two AD7502multiplexers with the data acquisition card. Two

AD7502 multiplexers controlled the horizontal and vertical lines,

alternately switching the signal paths on both sides to achieve
iScience 28, 111794, February 21, 2025 7



Figure 5. Strain variation curves for the 16 sensor units at coordinates

(A) 1-(X0, Y0), (B) 2-(X0, Y1), (C) 3-(X0, Y2), (D) 4-(X0, Y3), (E) 5-(X1, Y0), (F) 6-(X1, Y1), (G) 7-(X1, Y2), (H) 8-(X1, Y3); (I) 9-(X2, Y0), (J) 10-(X2, Y1), (K) 11-(X2, Y2), (L) 12-(X2,

Y3), (M) 13-(X3, Y0), (N) 14-(X3, Y1), (O) 15-(X3, Y2), and (P) 16-(X3, Y3) as the entire fabric is stretched uniaxially
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traversal measurements across the entire sensor array. The

multiplexer had a data processing capability of 500 Hz and can

convert resistance signals in the range of 0–50 kU into voltage

signals in the range of 0–10 V. After the multiplexer selected a

scanning node, the end of the PEDOT:PSS was connected to

the isolation transmitter for signal conversion.

As shown in Figure S7B, we fixed the parachute canopy fabric

with strain sensor array in the clamps of the tensile testing ma-

chine. The data acquisition card was connected to the Personal

Computer (PC) and initiated the array scanning of the sensor re-

sistances. The testing machine was set to a speed of 100 mm

min�1 for applying strain to the fabric. The DR / R0 values for

each sensor unit at applied fabric strain levels of 1%, 2%, 3%,
8 iScience 28, 111794, February 21, 2025
4%, 5%, 6%, 7%, and 9%, were input into the calibration equa-

tion depicted in Figure 3B. This enabled us to determine the strain

corresponding for each sensing unit at different strain levels of

entire canopy fabric. Figure 5 illustrated the curves of the relative

resistance change (DR / R0) of each unit versus the applied strain

on the fabric. The curves revealed that under uniaxial tension,

strain values exhibited significant differences among different

sensor units, demonstrating the sensor array’s capability tomea-

sure the non-uniform strains in the fabric under deformation.

To clearly observe the non-uniform strain distribution in the

testing area of canopy fabric, strain distribution maps were

compiled under uniaxial stretching at strain levels of 1%, 2%,

3%, 4%, 5%, 6%, 7%, and 9%, respectively. As shown in



Figure 6. The strain distribution of the canopy fabric under stretching

(A) Schematic illustration of the canopy fabric with a sensor array under stretching.

(B-J) Strain distribution maps for the 16 sensor units of the strain sensor array at fabric strain values of (B) 1%, (C) 2%, (D) 3%, (E) 4%, (F) 5%, (G) 6%, (H) 7%, (I)

8%, and (J) 9%.
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Figure 6, thesemaps clearly represented the distribution of strain

magnitude during stretching. When the fabric strain exceeded

3%, as illustrated in Figures 6E–6J, the sensing unit 10-(X2, Y1)

exhibited the highest strain value and was the first to fail. Conse-

quently, these results collectively demonstrated that strain

sensor array was effective in monitoring the strain distribution

of the parachute canopy fabric during operation.

Conclusions
In summary, we proposed an effective method for fabricating a

high-density sensor array on the parachute canopy fabric through

inkjet printing, enabling the monitoring of non-uniform strains and

strain magnitude distributions of the canopy fabric during defor-

mation. By mimicking the outer waxy layer of coconut shells and

using low-costMSto treat the fabricsurface,wesuccessfullyover-

come capillary effects and optimized the substrate’s wettability,

thereby facilitating in situ inkjet printing of the sensor array on the

parachute fabric. The printed sensor unit demonstrated good

sensitivity and linearity. Then, the resulting sensor array was suc-

cessfully fabricated using inkjet printing combined with a layered

printing strategy. The approach not only simplified the circuit

layout but also effectively addressed the issue of circuit crossing

within the strain sensor array, allowing for an efficient spatial

arrangement of sensorunits. The high-density sensorarraywas in-

tegrated with a scanning circuit and data acquisition system to

collect electrical signals from the array. Through tensile testing of

the canopy fabric, the sensor array successfully monitored the
relative resistance-strain curves of each sensing unit and non-uni-

form strain distribution in the stretched parachute canopy fabric.

This research offered a viable method for the precise in-situ

measurement of parachute fabric strains, contributing to the opti-

mizationofparachute structuredesign for aerospaceapplications.
Limitations of the study
We have presented a method for in-situ inkjet printing of the high-

density strain arrays on bionically modified parachute fabric, suc-

cessfully enabling themonitoring of non-uniform strains in the fab-

ric. However, several issues remain unresolved in this study. First,

although stable inkjet printing was successfully achieved on bio-

nically modified parachute fabric using MS, a more in-depth

investigation and explanation of the underlying wetting mecha-

nismswere not conducted. Second, this study only demonstrated

that the strain sensor array can monitor non-uniform strains of the

parachute fabric under simple deformations. However, the

sensing performance and signal decoupling under more complex

deformations require further investigation. Addressing these is-

sues will be the subjects of our future research.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Aerospace parachute canopy fabric China Academy of Space Technology N/A

Modified silane Chengdu Guibao Technology Co., Ltd. GUIBAO 603MS

Conductive silver nanoparticle ink Beijing BroadTeko Co., Ltd. BroadCON INK550

PEDOT:PSS conductive ink Beijing BroadTeko Co., Ltd. BroadCON-PTS1000

Conductive silver adhesive Zhuhai Kingsname Technology Co. Ltd. K-818

Polydimethylsiloxane matrix Dow Corning Co., Ltd. Sylgard 184

Curing agent Dow Corning Co., Ltd. Sylgard 184

Software and algorithms

Abaqus Dassault Systèmes https://www.3ds.com/products/simulia/

abaqus

Other

Digital inkjet printer Beijing BroadTeko Co., Ltd. FA0302

Contact angle meter Shanghai Sunzerm Instrument Co., Ltd. SZ-CAMC32

Drying oven Shaoxing Sobo Co., Ltd. 101-1

Vacuum drying oven Shanghai Yiheng Scientific Instrument Co.,

Ltd.

DZF-6096

Potentiometer transmitter isolator Guanhangda Co., Ltd. KB1-60

Data acquisition card ART Tech Co., Ltd. USB3200N

Multiplexer Analog Devices, Inc. AD7502

LCR meter Shenzhen Yisheng Shengli Technology Co.,

Ltd.

VC4090A

Tensile testing machine Wenzhou Weidu Electronics Co., Ltd. SJX-S-400-1000 N

Scanning electron microscopy Hitachi Co., Ltd. HITACHISU5000

Optical microscope Shenzhen Aosvi Optical Instrument Co.,

Ltd.

A0-4K32C
METHOD DETAILS

Surface modification of the canopy fabric
The parachute canopy fabric was smoothly and securely affixed to a glass plate using double-sided tape. An appropriate amount of

MS was applied to the fabric with a glue gun, and then the adhesive was evenly spread over the fabric using a spatula. The coated

canopy fabric was cured in a convection oven at 60�C for 1 h. Then the modified canopy fabric was fabricated.

Characterization of the water contact angle
The static water contact angles of semiaquilegia adoxoide, lagedium sibiricum, coconut shell and modified canopy fabric were char-

acterized on the contact angle instrument (SZ-CAMC32,Shanghai Sunzerm Instrument Co., Ltd., China) using 3 mL water droplets.

Design and fabrication of strain sensing units
The PEDOT:PSS sensing layer and silver electrodewere printed on the rectangularmodified canopy fabric using a digital inkjet printer

(FA0302, Beijing BroadTeko Co., Ltd., China). Then the conductive silver paste was used to bond the silver electrodes to copper

wires. After curing the conductive silver paste at 80�C for 30 min, the fabrication of the strain sensing units was finally completed.

Construction of the strain sensor array based on Parachute canopy fabric
The strain sensor array was fabricated by using a digital inkjet printer. The glass substrate with the modified canopy fabric, as pre-

pared in the Section ‘‘surface modification of the canopy fabric’’, was moved to the printing stage. Its positional coordinates were

recorded to ensure a consistent reference baseline for each printing step. The printing patterns for each step were designed in

AutoCAD and then were converted to TIFF bitmap format using Photoshop for importing into the printer.
e1 iScience 28, 111794, February 21, 2025
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First, as shown in Figure 3C i, the horizontal silver circuits on the bottom layer were printed using conductive silver nanoparticle ink.

The inkjet printer’s printingmodewas set at high ink volumemodewith the printing frequency of 8 PASS. The nozzle height was set to

2 mm above the printing platform and then the printing process started. After finishing the printing process, the printed pattern was

set in a drying oven (101-1, Shaoxing Sobo Co., Ltd., China) at 150�C for 30 min. In order to minimize the resistance of the printed

circuit lines, it was necessary to increase the thickness of the printed lines by repetitive printing and curing. Multiple experiments have

shown that when the number of repetitions was 15, the resistance of the silver circuit lines met requirement.

Second, as shown in Figure 3C ii, the insulation layer was printed using UV insulation ink. During the printing process, the UV LED

was turned on. The insulation ink should be printedwith a uniform thickness to prevent excessive height differences, which could lead

to poor circuit contact. The printing frequency was set to 4 PASS, and the insulation isolation layer was finished after two repeated

printing processes.

Third, as shown in Figure 3C iii, the process of inkjet printing of vertical silver circuits was similar to the horizontal silver circuits. The

average resistance of the silver circuits was measured to be 50 U.

Fourth, as shown in Figure 3C iv, the strain sensor units were printed with PEDOT:PSS ink. To minimize the impact of silver circuit

resistance, the resistance of PEDOT:PSS sensing unit needed to be within an appropriate range. After 5 rounds of inkjet printing and

curing of the PEDOT:PSS sensing units, the initial average resistance of the sensing units was 3.2 kU. Therefore, the resistance of

PEDOT:PSS (RPEDOT:PSS) was significantly greater than that of silver (RAg), indicating that the PEDOT:PSS sensing units met the

design requirements. The 8 wires of the data acquisition systemwere bonded with their corresponding solder pads using conductive

silver paste, and subsequently cured in a drying oven to cure at 80�C for 30 min.

Finally, the strain sensor array was encapsulated. The polydimethylsiloxane (PDMS) and curing agent were thoroughly mixed in a

weight ratio of 10:1, and the mixture was set in a vacuum drying oven (DZF-6096, Shanghai Yiheng Scientific Instrument Co., Ltd.,

China) for removing the air bubbles. Next, the PDMS mixture was applied over the cured silver circuits and sensing units, and then

cured in an oven at 80�C for 2 h.

Other characterizations
The data acquisition module was consisted of a potentiometer transmitter isolator (KB1-60, Guanhangda Co., Ltd., China), a data

acquisition card (USB3200N, ART Technology Co., Ltd., China) and a multiplexer (AD7502, Analog Devices, Inc., China). The resis-

tance signals were measured by the LCR meter (VC4090A, Shenzhen Yisheng Shengli Technology Co., Ltd., China). The stretching

tests were carried out by a tensile testing machine (SJX-S-400-1000 N, Wenzhou Weidu Electronics Co., Ltd., China). The scanning

electronmicroscopy (SEM) images were taken by a field emission scanning electronmicroscope (HITACHISU5000, Hitachi Co., Ltd.,

Japan). The optical microscope images were taken by an optical microscope (A0-4K32C, Shenzhen Aosvi Optical Instrument Co.,

Ltd., China).

Finite element Analyses of deformation
Themechanical deformation and strain distribution of the parachute during uniaxial stretching, biaxial stretching, and dislocation pro-

cesses were obtained through finite element analysis (FEA). FEA was performed employing the commercial software ABAQUS

(SIMULIA, France). The material parameters of nylon 66 fibers, which was regarded as a hyperelastic material described by the

Yeoh model, were C10 = 43.7422775, C20 = 431.368287, C30 = -1267.91706.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures shown in the text were produced by Origin 2021 and Microsoft PowerPoint 2021 from the raw data. The FEA simulation data

was obtained using ABAQUS software.
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