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Abstract: Spacecraft recovery technology is crucial in the field of aerospace, in which the parachute plays a key
role in slowing down the descent speed of the spacecraft and realizing a smooth landing. In order to construct
a dynamically adjustable parachute deployment strategy, it is necessary to measure the parachute dynamic
load accurately in real time. However, the existing sensor measurement scheme is difficult to meet the
measurement requirements due to its large structure and complex wiring. In order to meet the current demand
for real-time measurement of parachute cords dynamic load, a miniature measuring instrument is
designed.According to the function and technical requirements of the miniature measuring instrument, the
hardware modules of the acquisition system are selected and designed, and the integration debugging and
performance optimization of the microcontroller module, A/D sampling module, signal acquisition circuit and
power supply module are carried out. The software of the parachute cords tension acquisition system based
on the miniature measuring instrument is developed. The elastomer is modeled by using SolidWorks and
statically analyzed by using AnsysWorkbench finite element analysis software. Then the final structure of the
elastomer and the pasting position of the strain gage are determined through the results analysis as well as
experimental verification. The hardware module of the signal acquisition system for the miniature measuring
instrument is then encapsulated. The force value of the miniature measuring instrument is calibrated and tested
many times by using the microcomputer-controlled electronic universal testing machine. The experimental
results show that the designed miniature measuring instrument has accurate data, strong stability and good
real-time performance, which meets the demand for real-time accurate measurement of miniature measuring
instrument, and can provide reliable data for parachute cords parameter validation and stepless unfolding
design.

Keywords: stepless parachute opening; finite element analysis; real-time measurement; wireless
data transmission; static calibration

1. Introduction

Spacecraft recovery and landing technology plays a crucial role in the field of spaceflight,
providing the necessary support and guarantee for the successful implementation of space missions.
In this process, the role of parachute is crucial, which can effectively slow down the descending speed
of the spacecraft and realize a smooth and safe landing [1].

Although spacecraft recovery often employs a staged parachute opening system[2], there are a
number of limitations. A staged parachute opening system requires the deployment sequence and
the number of the parachutes to be determined in advance, which may limit the adaptability under
different atmospheric conditions and flight states. In addition, the design and control of the staged
parachute opening system is relatively complex and requires precise planning and execution, which
also increases the weight and cost of the system. To solve the limitations of the staged parachute
opening systems, the stepless parachute opening system has become a highly sought-after alternative

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202409.0084.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2024 d0i:10.20944/preprints202409.0084.v1

with greater flexibility and adaptability. It is capable of adjusting the angle and degree of parachute
deployment according to real-time environmental conditions and flight status, improving the success
rate and safety of spacecraft recovery.

To realize the stepless parachute opening system, the parachute dynamic load must be
accurately measured. At present, there are some shortcomings in the traditional measurement
program, such as the large size of the measurement instrument and the need for wiring, which is
difficult to meet the demand for real-time and accurate measurement. The existing parachute cords
dynamic load measurement method is also not directly applicable to the parachute opening process
of the cords dynamic load measurement|[3].

To solve this problem, this paper proposes a wireless strain load measuring instrument, which
consists of an elastomer structure and an signal acquisition system, and can be integrated into the
parachute system without damage[4]. The instrument is able to measure the dynamic load of the
cords during parachute opening in real time and accurately, and transmit the data to the upper
computer through wireless transmission, so as to monitor the changes of the parachute cords load in
real time. This technology can not only provide reliable data for verifying the technical parameters
of parachute cords, but also give important support for the design of stepless cords deployment in
the future. Its application scope can also be extended to the research, development and testing of
aviation parachutes and sports parachutes, which has great social and economic value.

2. Overall Structure of Miniature Measuring Instrument

2.1. Overview of Miniature Measuring Instrument

The instrument is installed on the parachute cords in the form of “tandem”, and through the
signal acquisition system, the strain signal of the elastomer is converted into an electrical signal, and
the collected data is sent wirelessly to the upper computer test software, which processes and saves
the data. The schematic diagram of the miniature measuring instrument installed in the parachute is
shown in Figure 1.

Parachute main chute
T Return capsule

‘ [ Measuring instrument
position

Measuring equipment

—am
—GD— )

Figure 1. Schematic of miniature measuring instrument installed in a parachute.

The miniature measuring instrument includes elastomer structure and signal acquisition system,
through the strain gages pasted on the elastomer structure to form a Wheatstone bridge[5,6] to
transform the strain signal generated by the elastomer into an electrical signal, the data acquisition
module will save the data to the micro-controller module, which will send the data through the
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wireless transmission module to the upper computer test software. Figure 2 is the schematic of the
miniature measuring instrument.

Potting of
smidahk

Power Regulator PCB Bracket Power
Module

Data Acquisition Module Microcontroller

Elastomer structure

Figure 2. Schematic of miniature measuring instrument.

2.2. Design Requirements

To fulfill the need for real-time measurement of parachute cords loads, the miniature measuring
instrument has to be integrated into the parachute cords in a non-destructive way that does not affect
its performance. The signal acquisition system must ensure real-time, accurate and stable data
collection, transmission and storage for future analysis. The miniature measuring instrument shall
incorporate the following features:

1.  The miniature measuring instrument meets the needs of miniaturization and light weight;

2. The miniature measuring instrument is capable of real-time collection of parachute cords load

data;

The miniature measuring instrument can be calibrated by software;

4.  The miniature measuring instrument can transmit the data wirelessly to the upper computer test
software.

@

The miniature measuring instrument not only needs to meet the above functional requirements,
but also needs to meet the expected indicators which are shown in Table 1.

Table 1. Expected indicators for the miniature measuring instrument.

Main technical indicators Expected parameters
Range 0-8000N
Sampling rate 1000Hz
Measurement accuracy 3%FS
Measuring time >20 minutes

Weight <500g
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2.3. R&D Process

In order to meet the required functions and main technical indicators, the design and
development of the miniature-measuring instrument is divided into two major parts: signal
acquisition system design and elastomer structure design. These two parts interact with each other
and an appropriate design research program is proposed to meet the final design requirements, as
shown in Figure 3.

Load Measuring
Instrument R&D

! !

Acquisition system Elastomer structure
design design

Experimental
verification

1

_—Fulfillment of ~_
h need?

VES
|

Package
encapsulation

Figure 3. Parachute Cords Dynamic Load Measuring Instrument R&D Program.

2.4. Analysis of Expected Problems (Expected Challenges/Potential Problems)

Comprehensively analyzing the design and functional requirements of the parachute cords load
measuring instrument, the researchers need to focus on solving the following four key technical
problems:

1. Microspace data acquisition: integrating the microcontroller module, data acquisition module,
strain gage, power supply module and wireless transmission module in a limited space to ensure
the measurement accuracy, sampling frequency and data transmission requirements.

2. Elastomer structure design: the elastomer structure needs to withstand high impact loads while
maintaining strain gage accuracy and ensuring the stability of the electronic component area to
guarantee the stability of the circuit package.

3. Encapsulation of electronic instruments in high-load environments[7]: the technology to ensure
that the electronic components can still operate normally and stably under impact forces.

4. Testing and calibration methods: developing testing and calibrating methods for the miniature
measuring instrument to ensure data accuracy and evaluate its performance through actual
testing.

3. Design of the Elastomer Structure

3.1. Design Requirements

The measuring principle of the miniature measuring instrument is that when the elastic body is
deformed under the action of the pulling force generated by the parachute cords, a tensile and
compressive strain in the central web is formed[8].By pasting a resistance strain gage in a larger strain
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area, the conversion and acquisition of the deformation signal to the electrical signal can be carried
out. Thus, the design requirements should be as follows:

1. High precision, good stability, durability and other advantages;

2. Integrating into a parachute structure in series without influencing the normal opening of the
parachute;

3. Miniaturization and light weight;

4. Being able to accommodate suitable deformations when subjected to high transient impact loads.

3.2. Design of Elastomer Structure I

The elastomer structure I is designed to be an integrated structure, and the two end earrings are
connected with the parachute cords. The middle concave web plate is used for installing a strain gage
and encapsulating electronic components of an acquisition system, and the eight protruding "baffles"
are used to protect electronic components[9]. SolidWorks software is used for 3D modeling, and the
design size of elastic structure scheme I is 163. 71 mm x 53.71 mmx=30mm, as shown in Figure 4.

ventral plate

N
71 baffle

Figure 4. Design of Elastomer Structure Scheme I.

The finite element simulation analysis of the elastomer structure is carried out by using
AnsysWorkbench. The material is AI304 stainless steel, one side of the earring is fixed, and the other
end of the earring is applied with 8000 N. The whole structure is meshed with the size of 3mm, and
the web is meshed separately with a size of 1.5mm. The number of grid nodes is 52939 and the
number of grids is 29422. The results of the finite element analysis for the elastomeric structural
scheme I are shown in Figure 5.

A:Static Structure
Constant Force

Typology: Constant (Von-Mises)Force
Unit:Mpa
Time:1s

1017992 Max
905053a1
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Cloud diagram of equivalent stress distribution
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Typology: Normal elastic strain(X-axis)
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Global Coordinate System

Time:ls
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Cloud diagram of strain distribution(X-axis)

Figure 5. Strain diagram of Elastomer Structure Scheme I.

As shown in Fig. 5, the maximum stress of the elastomer structure scheme I is 101.8 Mpa after
bearing a force of 8000 N which is far lower than the maximum yield strength of 206.807 Mpa of
AI304 stainless steel. It indicates that the material meets the requirements in structure.
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As shown in Fig. 5, the maximum strain of the elastomer structural scheme I is 2.53x10-4 mm/mm
after being subjected to a force of 8000 N.

The finite element analysis shows that AI304 stainless steel meets the design requirements as an
elastomer structural material. The four corners of the elastomeric structure at the location of the web
produce the greatest strain. Therefore, the position of the maximum strain of the elastomer structure
can be the place where the strain gage is pasted.

The prototype of the miniature measure instrument is obtained by assembling and welding the
hardware module I of signal acquisition system (see Section 4.2) and elastomer structure I. The
experimental verification test is conducted on the universal testing machine (see Section 5.1). The
experimental results show that the volume size of the elastomer structure I is so large that it is difficult
to paste the strain gage in the strain area. Thus, a structural optimization design of the elastomer
structure I is necessary.

3.3. Optimized Design of Elastomer Structure

3.3.1. Design of Elastomer Structure

The design of elastomer structure of miniature measuring instrument directly determines the
performance of the instrument. In this paper, the structural optimization design is carried out
according to the elastomer structure I. The hardware module of that acquisition system is packaged
on both sides of the elastomer structure by adopting two assembly schemes. The optimized elastomer
structures are called elastomer structure scheme II and elastomer structure scheme III. In elastomer
structure scheme II, the battery is on one side, the microcontroller, the A/D sampling module and the
charging module are one the other side. The elastomer structure scheme III adopts one side of the
microcontroller and the battery, and the other side of the A/D sampling module and the charging
module. Elastomer structures II and III are shown in Figures 6 and 7.

Figure 6. Elastomer Structure Scheme II.

arcuate slot

Figure 7. Elastomer Structure Scheme III.
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On the basis of the elastomer structure scheme I, the elastomer structure scheme II carries out
the reduction of the web thickness, the reduction of the overall size and the angle changes of the baffle
plate to complete the optimization of the elastomer structure. On the basis of the elastomer structure
scheme I, the elastomer structure scheme III is optimized by slotting, reducing the overall size,
increasing the thickness of the web and removing the baffle plate. Finally, the size of elastomer
structure II is 119. 47 mmx43.47 mmx30 mm, and the size of elastomer structure III is 96 mmx36
mmx22 mm.

3.3.2. Statics Analysis of Elastomer Structures

After determining the structural form of the elastomer, the finite element analysis software
AnsysWorkbench is used to carry out the static analysis of the two optimized elastomer schemes to
determine the maximum deformation area of the elastomer structure. The elastomer material is AI304
stainless steel with a Young's modulus of 1.9 x 105 MPa, the material density of 8000 kg/m3, and a
Poisson's ratio of 0.29. The finite element software AnsysWorkbench is used to mesh the elastomer
structure.

One earring end of the elastomer structure is set as a fixed constraint, and the other is set as a

load constraint. The finite element analysis results of the elastomer structure are shown in Figures 8
and 9.

A:Static Structure

Constant Force

Typology: Constant (Von-Mises)Force

Unit:Mpa

Time:1s
7.29823e1 Max
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Figure 8. Static analysis of elastomer structure scheme II.

It can be seen from Figure 8 that the maximum stress on the elastomer structure Il is 72.98 MPa,
which is about 134MPa smaller than the yield strength of the selected material AI304, so the material
can meet the measuring range of the miniature measuring instrument in theory. The stress
concentration area of the elastomer structure II is at the four corners of the web of the elastomer
structure, and the strain in this area is 262 g4& .The strain in the central region of the web is 85 pi& .


https://doi.org/10.20944/preprints202409.0084.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2024 d0i:10.20944/preprints202409.0084.v1

A:Static Structure
Constant Force
Typology: Constant (Von-Mises)Force
Unit:Mpa
Time:1's
1.78163e2 Max
15836782
13957102

39591741
19795901
5.94522e-5 Min

Cloud diagram of equivalent stress distribution

A:Static Structure

Normal elastic strain
Typology: Normal elastic strain(X-axis)
Unitmm/mm
Global Coordinate System
Time:ls

7.94936e-4 Max
68153804
562@ed
452304
34158504
22824704
11450904
15716606
11176604
225104e-4 Min

Cloud diagram of strain distribution(X-axis)

Figure 9. Static Analysis of Elastomer Structure Scheme III.

It can be seen from Figure 9 that the maximum stress on elastomer structure Il is 178 MPa, which
is about 29 MPa smaller than the yield strength of the selected material AI304, so the material can
meet the measuring range of the miniature measuring instrument in theory. The stress concentration
area of elastomer structure III is in the middle of the web of the elastomer structure, and the strain in
this area is 795 w& .

3.3.3. Strain Gage Selection and Pasting Position Determination

In this paper, the “T” type strain gage of model BF-350-3BB-A is used. In order to eliminate the
influence of the temperature error and further improve the sensitivity of the miniature measuring
instrument, two half-bridge strain gages are selected to form a full bridge[10]. According to the
principle of “stress concentration”, it is difficult to paste the strain gage on the elastomer
structurell.Therefore, the strain gage is pasted at the center of the web with uniform stress. The
pasting position of the strain gage of the elastomer structure is shown in Fig.10 and 11.
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Figure 10. Strain gage pasting position in elastomer structure scheme II.

Figure 11. Strain gage pasting position in elastomer structure scheme III .

By using the “probe” function in ANSYS, the strain is collected in the area where the strain gage
is attached. Collect every 600N for 14 times, and collect 20 points each time. Take the average value
of the collected data and draw the line chart.

From Figure 12, it can be seen that the strain value of the elastomer structure II is much smaller
than that of the elastomer structure III under the same force loading. In order to determine the final
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elastomer structure scheme, experimental verification is required (see Section 5.2 for experimental
verification of elastomer structure scheme).

= Elastomer structure |l

@ Elastomer structurelll
600 4 T Y T y T Y T 4 T v T Y T Y T 14

550 | o®

500 ] 4
450 |
400 | o
350 |
300 | = i
250 | .

Strain values / pe

200 ol -
150 f
100 f ; -

0.___."1..17.71.1.1.1.1.1.
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Standard force value / N

Figure 12. Axial strain at the center of elastomer structure scheme II and scheme III.
4. Microspace Data Acquisition

4.1. Design Requirements

The function of the signal acquisition system mainly includes the real-time acquisition of
parachute cords tension and the data transmission to the upper computer through wireless
communication. The microcontroller module, signal acquisition module, strain gage, power supply
module and wireless transmission module must be integrated into the elastomer structure within a
limited space, and at the same time the requirements of measurement accuracy, sampling frequency
and data transmission should be met. So the signal acquisition system needs to meet the following
functions:

1. The hardware structure of the signal acquisition system needs to be compact;

2. The signal acquisition system needs to be both high performance and low power consumption;

3. The miniature measuring instrument is battery-powered and supports direct charging without
removing the battery. The endurance time is about 20 minutes.

4. The sampling rate of the miniature measuring instrument is 1kHz, which can completely record
the change of the pull force of the parachute cords in the process of opening and straightening,
and conduct wireless data transmission.

4.2. Signal Acquisition System Design and Performance Test

The signal acquisition system of miniature measuring instrument mainly completes the
functions of data acquisition and wireless data transmission of the dynamic load of parachute cords.
It mainly includes microcontroller module, A/D acquisition module, strain gage, power supply
module and wireless communication module. Figure 13 is schematic diagram of the signal acquisition
system.
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Figure 13. Schematic diagram of signal acquisition system.

4.2.1. Signal Acquisition System Hardware Module Selection and Design

In order to meet the demand for the miniature measuring instrument, the design scheme of
module separation is adopted. The hardware modules are arranged on both sides of the elastomer
structure and connected by connecting lines to solve the problem that the overall volume of the circuit
board is too large to be installed on the elastomer structure.

According to the design requirements, the results of the selection and design of the signal
acquisition system hardware are as follows:

According to Table 2, the relevant electronic components are assembled and welded, and the
photos of the acquisition system hardware module I with the relevant dimensions 67.8 mm x 33.84
mm x 21.63 mm (L x W x H) is shown in Figure 14.

Table 2. Selection of hardware module I of the acquisition system.

Designation Models
Microcontroller ESP32C3-325-Kit Development Board
A/D Sampling Module ADS8689 Module
Strain Gage Module Single Bridge Strain Gage Module
Strain Gage BF350-3AA
Batteries 603040
Battery Charging Module ETA9742 Module

Figure 14. Photos of signal acquisition system hardware module 1.

The performance parameters of the signal acquisition system hardware module I are shown in
Table 3 below.

Table 3. Performance Parameters of Signal Acquisition System Hardware Module L.

Technical Indicators Technical Parameters
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Hardware Module Size 67.8mmx33.84mmx21.63mm
Weights 56.2g
A/D Sampling Module Resolution 16-bit
Sampling Rate 100kHz
Channel Number 8 channels
1 ly, 1.65V-5.12V digital
Supply Voltage 5V analog power supply, 1.65V-5.12V digita
power supply
Battery Capacity 800mAh

4.2.2. Upper Computer Test Software Design and Development

In this paper, Visual Studio 2022 software is used to write the upper computer software[11,12]
with the test software interface shown in Figure 15. Click on the “instrument list” to select the
instrument to be connected, and click on the “channel 1” to set up the instrument channel. After the
instrument is successfully connected, the upper computer test software will plot curves according to
the data collected and update in real time.

Channel 1 Channel 2

nnected unconnected @D

Device List Channel 1 Setting

IP Addresses
10.168.1.101

Ports
50000

Figure 15. Signal acquisition system software interface.

4.2.3. Communication Test of Signal Acquisition System and upper Computer Test Software

Before the communication test, it is necessary to set the IP address of the hardware module of
the signal acquisition system to 10.168.1.101, and at the same time, set the IP address of the wireless
router, WiFi name and password, connect the computer equipped with the upper computer test
software to WiFi and turn on the software, search for the list of equipments and bind it to channel 1,
and receive the data in the upper computer test software after successful connection by pressing the
strain gage slightly. The communication test proves that the hardware module I of the signal
acquisition system and the upper computer test software can communicate normally and receive data
and draw curves in real time, as shown in Figure 16.


https://doi.org/10.20944/preprints202409.0084.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2024 d0i:10.20944/preprints202409.0084.v1

Normal wireless
communication

Receiving data normally and plotting graphs

Figure 16. Upper computer software displaying waveforms.

After the above communication test, it is known that the signal acquisition system hardware
module and the upper computer test software have the following design defects and cannot meet the
design requirements:

1. The size of hardware module I of the acquisition system is too large, failing to achieve the design
goal of lightweight and miniaturization.

2. The large size of the electronic components selected for the hardware selection and design of the
signal acquisition system will have an impact on the design size of the elastomer structure I.
resulting in a very large overall size of the miniature measuring instrument.

3.  The function of the upper computer test software is not perfect, unable to calibrate and save data,
and the number of channels is limited to two. The range of the display interface is large, and it
is not possible to visualize the experimental results.

Based on the above design defects, it is necessary to optimize the design of the signal acquisition

system hardware module and the upper computer test software to meet the design requirements of
the miniature measuring instrument.

4.3. Signal Acquisition System Optimization Design

4.3.1. Signal Acquisition System Hardware Module Optimization

After the experimental test and result analysis, it is known that it is necessary to optimize the
design of the hardware module of the signal acquisition system and the test software of the upper
computer. The selection design of the optimized signal acquisition system hardware module (later
called signal acquisition system hardware module II) is shown in Table 4. The signal acquisition
system hardware module II is shown in Figure 17.

Table 4. Signal Acquisition System Hardware Module II.

Designation Models
Microcontroller ESP32C3-32S-Kit Development Board
A/D Sampling Module ADS8689 Module
Strain Gage BF350-3AA
Batteries 603040

Battery Charging Module ETA9742 Module
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Figure 17. Photos of signal acquisition system hardware module II.

A comparison of the performance of the hardware modules of the signal acquisition system
before and after optimization is shown in Table 5:

Table 5. Comparison of technical parameters.

e 1 1 Signal acquisition system Signal acquisition system
Technical indicators hardware module I hardware module II
Hardware Module Dimensions  67.8mmx=33.84mmx=21.63mm 49.19mmx28.22mmx22.78mm
Weight 56.2g 30g
A/D Samplmg Module 16 bits 24 bits
Resolution
Sampling Rate 100kHz 1000Hz
Single Channel
Number of Channels 8 channels
. . . Two half-bridge strain gages to
Strain gage 1/4 bridge strain gage form a full bridge
Battery Capacity 800mAh 400mAh

From the above comparison, it can be seen that the signal acquisition system hardware module
IT improves the resolution of the A/D sampling module while decreases the sampling rate, but it can
still meet the design requirements of the miniature measuring instrument.

By comparing the physical objects of the signal acquisition system modules in Figure 18, it can
be seen that the volume and size of the signal acquisition system hardware module II are significantly
reduced, which is in line with the design requirements of lightweight and miniaturization.

Figure 18. Comparison of the signal acquisition system hardware before and after optimization.
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4.3.2. Optimization of the upper Computer Test Software

Aiming at the defects of the upper computer test software, the interface of the upper computer
test software is optimized and the software functions are added. The optimized upper computer test
software (later called parachute cords tension signal acquisition system) realizes the functions of data
calibration and data saving, and at the same time, it also increases the data transmission channels to
10, and realizes real-time display of data, which makes the display of dynamic load of parachute
cords more intuitive.

The main interface of the parachute cords tension signal acquisition system is shown in Figure
19 including five areas: Wireless address connection area, Software operation area, Data acquisition
plotting display area, Real-time data display area and Parameter calibration area.

| # Parachute Rope Pulling Force Acquisition System

( 1 ) Parachute Rope Pulling Force Acquisition System ( 2 )
. B W T /710168 1206000 comea - o
L B B "5 es /N0 168 | 207 8000 - am - »
LT B o 05 es 10 G 1 208 soN ¢ - o 5(..;;:(.1
" ! B BN RL:  es //10 160 1 209 8000 comnect - o low Lot
L 160 1205 008C connect B N R e /A0 168§ 210 8080 connect - rme
Data detection  —
— - ( 5 )
—& (4)

Toealhest SIN0/ i 02

HEREBRE 00900 200

(I)wireless address connection area; (2) software operation area; (3) data acquisition plotting
display area; (4) real-time data display area; (5) parameter calibration area.

Figure 19. Upper computer software main interface area division.

4.3.3. Communication Test of Optimized Signal Acquisition System

In order to make the communication test more intuitive, a scaled-down elastomer structure is
designed and machined with AI304 as the material. Due to the small size of the structure, the strain
gauge is pasted at the center of the web, the cross-positioning line is determined at the center of the
structural web with a pencil, and the signal acquisition system module is fixed on the elastomer
structure with insulating tape, as shown in Figure 20.

Equally proportioned
elastomer structure
(AI304)

Strain gauge attaching and
module welding

Figure 20. Miniature measuring instrument fixed to the elastomeric structure.

A microcomputer-controlled electronic universal testing machine is used to carry out the
experimental test on the communication of the signal acquisition system which includes the wireless
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communication and wireless data transmission test of the signal acquisition system module II and
the parachute cords tension acquisition system software, and the function verification of the
parachute cords tension acquisition system software. The wireless communication test of the signal

collection system module II and the parachute cords tension acquisition system is shown in Figure
21.

Figure 21. Signal acquisition system module II and wireless communication test of cords tension
acquisition system.

During the experimental verification test, the parachute cords tension acquisition system can
operate normally, realize data reception and real-time display, draw real-time curves with the
collected data, and carry out the parameter calibration and data saving functions, as shown in Figures

22 and 23.
prv—
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= --— e - e —
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Figure 22. Normal working condition of parachute cords tension acquisition system.
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Figure 23. Data saving for parachute cords tension acquisition syst.
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5. Experimental Verification of Miniature Measuring Instrument

5.1. Experimental Equipment

The hardware equipment required for the experiment includes a computer and a
microcomputer-controlled electronic universal testing machine modeled as WDW-50KN. The
parachute cords used in the experimental testing of the miniature measuring instrument are provided
by the Beijing Space Electromechanical Research Institute. Table 6 shows the relevant parameters of
the test parachute cords, and Figure 24 shows the test parachute cords.

Table 6. Parameters related to parachute cords.

Material Width Thickness Tensile Strength
Parachute cord 3.5mm 1mm 3KN

Figure 24. Photo of the test parachute cords.

5.2. Experimental Verification of the Prototype of Miniature Measuring Instrument

The purpose of this experiment is to verify whether the overall performance of the prototype of
the miniature measuring instrument meets the design requirements. Before the start of the test, it is
necessary to complete the pasting of the strain gage which is a single strain gauge and is pasted at
the corner of the web with instant adhesive, as shown in Figure 25.

Figure 25. Elastomer Structure I Strain Gage Pasting.

The experiment uses a microcomputer-controlled electronic universal testing machine to carry
out force loading test of 0-8000N on the miniature measuring instrument. The experimental process
is shown in Figure 26. The upper computer software displays the force value waveforms in Figure 27
when the load reaches 8000N.
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Figure 26. Elastomer structure I static experimental test.

Figure 27. Waveforms displayed on upper computer software.

Analysis of the experimental results through experimental testing shows that the prototype of
the miniature measuring instrument has the following design defects and fails to meet the design
requirements:

1.  The size of the acquisition system hardware module I is too large, failing to achieve the design
goal of lightweight and miniaturization.

2. The function of the upper computer test software is not perfect, unable to calibrate and save data,
and the number of channels is limited to only two. The range of the display interface is large,
unable to visualize the experimental results.

3.  The elastomer structure has the following defects:

(1) The area that can produce large deformation under force is too small, which makes it difficult
to paste the strain gage.

(2) The “baffle plate” may rub against the parachute cords in the process of opening, causing
damage to the parachute cords.

(3) The size of the electronic components selected in the hardware selection and design of the
acquisition system is large, which leads to the large size of the elastomer structure.

5.3. Experimental Verification of Elastomer Structure Schemes

According to the design of elastomer structure scheme II and III, the physical objects are
manufactured. And a cross line is drawn at the center of the web plate to facilitate the positioning of
the strain gages. Figures 28 and 29 show the physical objects and the strain gage pasted in elastomer
structure scheme II and III respectively. The elastomer structures are mounted on the universal
testing machines as shown in Figure 30.
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Elastomer Structure [l Installation Diagram

Figure 30. Mounting of the elastomer structures to the universal testing machines.

The elastomer structure II and the elastomer structure III are respectively loaded with the force
value of 0 ~ 8000 N and the obtained test data are drawn into a curve as shown in Figure 31. The test
data of elastomer structure I and II is shown in Table 8.
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Figure 31. Elastomer structure test data versus standard force value.

Table 8. Test data of elastomer structure I and II.

Standard force value/N Elastomer structure II Elastomer structure III
test data test data
0 0 0
599 599 598
1199 1190 1200
1799 1785 1799
2399 2362 2401
2999 2953 3003
3599 3554 3604
4199 4153 4208
4795 4771 4804
5395 5354 5408
5995 5938 6003
6595 6532 6604
7195 7123 7213
7795 7724 7808
7995 7913 8006

The linearity can be calculated as 1.0256% for elastomer structure II and 0.0375% for elastomer
structure III by using the linearity formula (1).

— +ALmax
YL= I Yrs

x 100% (1)

ALmax denotes the maximum error value of the static characteristics and the fitted curve.

Meanwhile, the software calibration parameter of elastomer structure II in the parachute cords
tension acquisition system software is 66519, and that of elastomer structure III is 10521.
Comprehensively comparing the strain, linearity, and software calibration parameter of elastomer
structure II and elastomer structure 111, it can be seen that the sensitivity of elastomer structure III is
much larger than that of elastomer structure II, and the size of elastomer structure III is smaller than
that of elastomer structure II, which meets the demand of the miniature measuring instrument.

6. Encapsulation and Calibration of Electronics in High Load Environment


https://doi.org/10.20944/preprints202409.0084.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2024 d0i:10.20944/preprints202409.0084.v1

21

6.1. Joint Debugging Test of the Miniature Measuring Instrument

Through the comparison of the elastomer structure schemes and the experimental verification
test, in this paper it adopts elastomer structure III for the miniature measuring instrument, and puts
the microcontroller and the battery on one side of the elastomer structure, the charging module and
the A/D acquisition module on the other side. The modules on both sides are connected through the
wires, and the prototype of the miniature measuring instrument after the soldering and assembling
is shown in Figure 32.

Charging Surface Lateral Side Microcontroller side

Figure 32. Miniature Measuring Instrument Prototype.

After completing the hardware connections, testing of the instrument begins. The miniature
measuring instrument is connected to the microcomputer-controlled electronic universal testing
machine, as shown in Figure 33. Starting from ON, stop the universal testing machine action at every
600N and keep the current force value for 30 seconds, while the current data of the parachute cords
tension acquisition system is recorded. After the universal testing machine is loaded to 8000 N, record
the data and finish the testing. The data collected by the parachute cords tension acquisition system
is shown in Figure 34.

Figure 33. Joint debugging experiment.
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Figure 34. Data collected by the parachute cords tension acquisition system.

Through the processing of the data in Table 9 and the linear fitting of the curve, it is found that
the sample points collected by the miniature measuring instrument experiment are almost in a
straight line, as shown in Figure 35, and the fitting result proves that the miniature measuring
instrument has better linearity in AD sampling, and according to the above data, the linearity of the
structure can be calculated by using formula (1), which is 0.1124%. During the experiment, the
parameter setting of the parachute cords tension acquisition system, “Gai” gain value is 10521,

“offset” bias is 1984.
Table 9. Test data received by the upper computer.
Standard force .l Bias value of the Percentage of

value/N Test data Fitting data fitl ALm| error‘f/i

0 0 0 0 0.00%

599 598 597 1 0.17%

1199 1200 1198 2 0.17%

1799 1799 1798 1 0.06%

2399 2401 2399 2 0.08%

2999 3003 3000 3 0.10%

3599 3604 3600 4 0.11%

4199 4208 4201 7 0.17%

4799 4804 4801 3 0.06%

5399 5408 5402 6 0.11%

5999 6003 6002 1 0.02%

6599 6604 6603 1 0.02%

7199 7213 7204 9 0.13%

7799 7808 7804 4 0.05%

8000 8006 8005 1 0.01%
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Figure 35. Elastomer structure AD sampling fitting curve at static state.

The joint debugging test experiment proves that the sensitivity and linearity of elastomer
structure III are better, which meets the needs of miniature measuring instrument. But before the
actual test, it is necessary to encapsulate and protect the strain gage and electronic components so as
to minimize the influence of external factors on the performance of the miniature measuring
instrument.

6.2. Encapsulation of Miniature Measuring Instrument

In order to reduce the impact of external factors on the performance of the miniature measuring
instrument, and improve its reliability and durability, 6163-822A/B potting adhesive[13-15] is used
in the encapsulation. Firstly, encapsulate the strain gage, and continue to encapsulate the hardware
module of the acquisition system of the miniature measuring instrument after the encapsulating
adhesive is completely cured, as shown in Figure 36. After the encapsulating adhesive is fully cured
(about 36 hours), the overall performance of the miniature measuring instrument is tested, and the
completed miniature measuring instrument is shown in Figure 37.

)

- T

Lo
A\ Bl (Y
( 66163-8228

6163-822A g

.
l’
Tirar
6163-822A/B Strain gauge Electronic
Potting of smidahk package Component Packaging

Figure 36. Miniature measuring instrument encapsulating.
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Figure 37. Miniature measuring instrument after encapsulating and curing.
6.3. Microgage Calibration and Performance Testing

6.3.1. Calibration of the Miniature Measuring Instrument

After completing the encapsulation, it is necessary to calibrate the parameters of the miniature
measuring instrument[16] since the working environment after encapsulation is different from that
of the bare state, which directly affects its working state and output accuracy.[17]

Install the miniature measuring instrument to the universal testing machine, and start the
parachute cords tension acquisition system software and the universal testing machine at the same
time to begin the experimental testing, as shown in Figure 38.

i
e
mn

i s
o
mn

i

Miniature measuring Experimental testing of miniature Parachute cords tension acquisition
instrument measuring instrument system receiving data

Figure 38. Miniature measuring instrument experimental testing.

Use the parameter calibration formula (2) to calculate the scale factor that needs to be modified,
and then modify the Gai value and Offset value for the light and small parachute cords tension
instrument to complete the calibration of the parameters.

The modification of the scale factor (Cmod) can be calculated by using the following formula:

Standard Force Value

mod X Current Scaling Factor (2)

~ Software Output Value

As shown in Figure 39, the parameters of the parachute cords tension acquisition system
software after the calibration: “Gai” is 10132, “Offset” is 2030.
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Figure 39. Miniature measuring instrument calibration.

6.3.2. Miniature Measuring Instrument Performance Testing

In the experiments, the performance parameters of the miniature measuring instrument are
obtained by conducting continuous loading tests from 0 to 8000N on the miniature measuring
instrument[18-20]:

1. Rated range, 0~8000N;

2. Resolution of pulling force, 1N;

3. Repeatability, refers to the same input quantity of the sensor for continuity, full range, multiple
changes, the degree of consistency of the static characteristics of the sensor, the basic formula
can be expressed as follows:

m

O = ¥(Fs)

x 100% 3)

ARm indicates the absolute error value of the output quantity corresponding to multiple cyclic
changes of the input quantity in the same direction.

Three data tests are carried out by gradually increasing the force value, the specific data are
shown in Table 10, and the repeatability curve corresponding to the experimental data is shown in
Figure 40, with a repeatability of 0.1%.
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Figure 40. Repeatability test curves for miniature measuring instrument.

Table 10. Repeatability test experimental data for miniature measuring instrument (gradual increase
in pulling force).
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Standard force s1 o 3 maximum Percentage of
value/N errorARmax error%
0 0 0 0 0 0.00%

599 596 598 597 3 0.50%
1199 1197 1202 1200 3 0.25%
1799 1800 1795 1797 5 0.28%
2399 2397 2399 2398 2 0.08%
2999 2995 3003 2997 4 0.13%
3599 3597 3602 3599 3 0.08%
4199 4200 4197 4198 4 0.10%
4799 4800 4799 4797 3 0.06%
5399 5400 5391 5397 8 0.15%
5999 5995 6002 6000 4 0.07%
6599 6600 6597 6599 3 0.05%
7199 7200 7204 7197 5 0.07%
7799 7803 7797 7807 8 0.10%
7999 8000 8002 7996 8 0.10%

4. Hysteresis, refers to the degree of non-coincidence of the sensor positive (input volume
increased) and negative (input volume decreased) range characteristics in the rated range.The
basic formula can be expressed as follows:

8y = BHnl s 100% (4)
Y(FS)
AHm indicates the maximum error value of positive and negative range output.
Three data tests on the standard force value with gradual increase and decrease are carried out
respectively, and a group of data with the largest deviation in each test is selected, shown in Table
11. The hysteresis test curve is in Figure 41, the test hysteresis result is 0.1%.
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Figure 41. Hysteresis test curve for miniature measuring instrument.
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Table 11. Experimental data for hysteresis test of miniature measuring instrument.

Standard force Positive range test Reverse range test Percentage of

value/N data data Difference/AHm error%
0 0 0 0 0%

599 600 601 1 0.17%
1199 1200 1202 2 0.17%
1799 1798 1801 3 0.17%
2399 2402 2403 4 0.17%
2999 3004 3007 7 0.23%
3599 3602 3604 4 0.11%
4199 4201 4202 1 0.02%
4799 4802 4803 2 0.04%
5399 5403 5405 5 0.09%
5999 6005 6006 6 0.10%
6599 6604 6606 3 0.05%
7199 7204 7205 2 0.03%
7799 7804 7805 2 0.03%
8099 8104 8105 2 0.02%

5.  Sensor input and output quantities from the fitted straight line. Its basic formula can be
expressed as.

81, = Lf(LT?)' x 100% 6

ALm denotes the maximum error value of the static characteristics with respect to the fitted
curve.

A set of experimental data is detected first and the corresponding fitted data is calculated
according to the fitted curve obtained in the previous subsection, as shown in Table 12. The linearity
curve of the experimental data is shown in Figure 42, and the linearity of the sensor is tested to be
0.1%.
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Figure 42. Linearity test curve for miniature measuring instrument.


https://doi.org/10.20944/preprints202409.0084.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2024 d0i:10.20944/preprints202409.0084.v1

28

Table 12. Experimental data for linearity test of miniature measuring instrument.

Star‘;:ﬁ::/;) ree Test data Fitting data Blaii‘t’?l:fn(:fl the Percentage of error%

0 0 0 0 0.00%
599 598 597 1 0.17%
1199 1200 1198 2 0.17%
1799 1799 1798 1 0.06%
2399 2401 2399 2 0.08%
2999 3003 3000 3 0.10%
3599 3604 3600 4 0.11%
4199 4205 4201 4 0.10%
4799 4804 4801 3 0.06%
5399 5405 5402 3 0.06%
5999 6003 6002 1 0.02%
6599 6604 6603 1 0.02%
7199 7209 7204 5 0.07%
7799 7808 7804 4 0.05%
8000 8006 8005 1 0.01%

6. Precision, refers to the degree of accuracy of the instrument detection data. According to the
hysteresis, repeatability, linearity and other test results, the measurement accuracy of the
miniature measuring instrument is:

A= [8%+ 8%+ 82 =0.1%2 + 0.1%2 + 0.1%2 = 0.1732% (6)

7.  Sensitivity, refers to the output change and the input change ratio of the sensor in the stable
operating state. Its basic formula can be expressed as:

Ay
k=p )

Ay is the increment of the output quantity and Ax is the increment of the input quantity.

By calculating the data in Table 12 with Equation (7), it can be seen that the sensitivity of the
miniature measuring instrument is ImV/V.

After the design and manufacture of the elastomer structure and the hardware design and
selection of the signal acquisition system, the assembly and encapsulation of the miniature measuring
instrument are completed, and the design and development of the parachute cords tension
acquisition system is completed at the same time. Then the joint debugging test and the calibration
of the encapsulated miniature measuring instrument are completed. The performance indicators of

the miniature measuring instrument is completed according to the experimental test as shown in
Table 13.

Table 13. Miniature measuring instrument performance indicators.

Performance indicators Technical Parameters
Instrument Dimensions 96mmx36mmx29.5mm(L x W x H)
Weight 291g
Endurance >20min
Range 0~8000N
Resolution 1IN
Sensitivity 1mV/V

Repeatability 0.1%
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Hysteresis 0.1%
Linearity 0.1%
Accuracy 0.1732%

7. Summary

The following conclusions are drawn from the study:

1. In this paper, a miniature measuring instrument suitable for measuring the dynamic load of
parachute cords has been developed. The instrument which will not affect the structural
performance of the parachute can not only provide reliable data for verifying the technical
parameters of parachute cords, but also provide important support for the future design of
stepless deployment of cords.

2. The hardware module of the signal acquisition system with a microcontroller as the core and the
corresponding software of the parachute cords tension acquisition system are designed to
complete the functions of the acquisition of the dynamic load of the parachute cords, the wireless
transmission of the data, the real-time curve plotting and data saving.

3. Based on the hardware module of the acquisition system of the miniature measuring instrument,
the design of the elastomer structure is completed, and through the static analysis of the
elastomer structure and the corresponding experimental verification, the final design of the
elastomer structure and the paste position of the strain gages are determined, which verifies the
feasibility of the measurement as well as the reasonableness of the structural design.

4.  Theresearch on epoxy potting and stabilizing encapsulation technology has been carried out for
the electronic instruments under high load environment, and the research on sensor force
calibration technology and performance parameter and stability test have been completed by
using microcomputer-controlled electronic universal testing machine, which verifies that the
performance of the developed miniature measuring instrument is in line with the expected
requirements.

Acknowledgments: This study is funded by Zhongshan Research Institute of Changchun University of Science
and Technology introduced innovative research team project; Project Number: CXTD2023006.
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