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Abstract-Crankpin is a mechanical part which links the 
crankshaft to the connecting rod to each cylinder. Normally, 
crankpins are made up of low carbon material which results in 
unexpected fracture on the crankpin material due its chemical 
composition, high engine temperature, high operating oil 
temperature, improper lubrication and lower hardness. 
Recently, researchers are developing crankpins with different 
materials for the better performance such as alloy steel and the 
mild steel materials which have similar chemical compositions 
of low carbon material. The primary object of this study is to 
develop an improved crankpin which will alleviate the current 
crankpin used in the connecting rod. In this work we have 
selected 16MnCr5 as a replacement of the presently used 
crankpin in the connecting rod. 16MnCr5 is a low carbon steel 
widely used for several applications in many of the automobile 
industries. 16MnCr5 is hardened by a case hardening process 
which is carried out through the sealed quench furnace for the 
set of process parameters. The results of the prepared material 
were analyzed using hardness, microstructure examination and 
the economic conditions of the materials. In future, another set 
of two materials such as SCM420H and ENlA will be used for 
alternating material for crankpin which are processed with the 
same set of parameters and compared with the 16MnCr5 
material to check the suitable crank pin material to avoid 
unexpected damage. 

979-8-3315-2935-2 /24 /$31.00 ©2024 IEEE 

Keywords- Crankpin, low carbon steel, alloy steel, mild 
steel , crankshaft. 
1. INTRODUCTION 
High-performance engines, lightweight designs, 
component dependability, and low-cost manufacturing 
requirements are all satisfied by crankpin. The connecting 
rod and crankshaft are moved up and down by crankpins 
[l]. Through a bearing, the connecting rod's large end is 
attached to the crankpin of the crankshaft. [2]. Vibrations 
caused by the application of bearings, incorrect 
lubrication, high engine temperature, high operating oil 
temperature, and wear owing to lesser hardness are some 
of the possible causes of crankpin failures [3]. In recent 
developments, crankpin is to be changed with different 
materials for better performance. There are specific 
materials which are carbon steel , alloy steel and forged 
steels were used for crankpin. Through case carburizing, 
nitriding, or induction hardening, the crankpin's surface is 
made harder. Case carburizing is also a case hardening 
which apts crankpin for hardening. Case hardening can be 
done by Sealed quench furnace and most of the crankpin 
hardeningis done on sealed quench furnace [4-5]. A wide 
literature survey has been carried out to understand the 
work philosophy carried out in the past and carry forward 
relevant inputs if needed. A brief outcome of major 
literature has been explained as follows, S Arunkumar 
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(2020) investigation is involved in heat treating the shaft made 
of 16MnCr5 to three distinct levels of hardness at three 
different temperatures.  Following this, tensile tests for the 
material with various hardness levels were conducted. There 
was a thorough calculation that encompassed the shaft. and in 
light of the outcomes. A comparison was done in order to 
achieve the highest yield strength and hardness. The 16MnCr5 
optimal value has been chosen. [6]. KritiSrivastava (2020) 
From this study is about the influence of heat treatment on 
toughness and hardness of ENS steel, By using various 
quenching medium such as water, oil and air for the heat 
treatment by muffle furnace. Charpy impact and Rockwell 
hardness testing were done. As per the results, here they 
consider oil quench medium has better results and achieved 
their requirements. Oil quench is far better than others in this 
study [7]. HaojieWang (2018) In this work, gear steel's low-
pressure carburizing procedure was optimized. Low-pressure 
carburization and conventional atmospheric carburization are 
contrasted. and reaped the benefits of no surface oxidation and 
consistently fi ne carbides. After the carburizing process is 
completed. The microstructure was observed by optical 
microscope, SEM and TEM. Finally, it is discovered that the 
depth of the actual layer is quite comparable to the necessary 
design depth by altering the diffusion coefficient model and 
comparing the hardness with various methods. [8]. Saicai 
(2021) According to this study, the surface hardness of the 
carburizing, quenching, and hardening layer is the key factor 
contributing to the fracture of the 16MnCr5 gear shaft during 
the heat treatment process. They came to the conclusion that 
the fracture occurs because of reduced hardness because no 
martensite microstructure is created. [9]. Manchaozhang 
(2015) In this study is to optimize residual stresses and 
roughness during path-controlled crank pin grinding. The 
findings demonstrate how surface roughness and residual 
stresses are dispersed during induction hardening using path-
controlled grinding. Finally, it was proposed that the path 
control grinding hardened by induction surface hardening can 
use lower crankshaft rotational speed, lower grinding depth, 
and higher wheel speed [10] . M. P.Prabakaran (2021) In this 
study, effects of post-weld heat treatment on austenitic 
stainless steel to low carbon steel joints that were laser welded 
together at different temperatures. In the laser welding 
method, the dissimilar metals are joined with austenitic 
stainless steel and low carbon steel [11]. The effects of pre 
pre-weld heat treatment process on different metals are 
analyzed. The chemical analysis was successfully done with 
dissimilar weld zones and microstructure is good for the 
dissimilar sheet joint at both conditions of welded and heat-
treated joints. Shao hong Li (2014) the effects of heat treatment 
influencing factors on microstructure and mechanical 
properties of a low carbon steels. The influence of heat 
treatment on low carbon steels' mechanical characteristics and 
microstructure. Investigated were the effects of various heat 
treatment settings on the microstructural modifications and 
mechanical characteristics of low carbon maiiensitic steel. 
These analyses came from x-ray diffraction, optical 
microscope, and transmission electron microscopy. According 
to the results, quenched and tempered bearing steel undergoes 
heat treatment, which increases hardness and tensile strength 
while reducing toughness. Although tempering at a high 
temperature during this cryogenic heat treatment can partially 
change any remnant austenite into martensite [12]. 

Gurmeetsingh (2020) From this study, the effects of heat 
treatment on the properties of mild steel and also the 
tensile properties. Cooling at room temperature during full 
anneals has a large microstructure. When increasing the 
tempering temperature, the ductility of steel grade 
increases. [13]. Choonyoo (2019) studied about the 
analysis on the microstructure and hardness change after 
carburizing of chromium molybdenum alloy steel for 
automobile parts. Gas carburization process is used for 
hardening the material. Observed microstructure shows 
that the before carburization was composed ofpearlite and 
ferrite mixed structure. After carburization, the needle 
shape structure gradually decreases from the surface to the 
interior. Hardness was tested for SCM15, SCM420 and 
also effective case depth. As a result, comparison is 
necessary to adjust the correction factors such as the 
effect of retained austenite on the surface hardness and the 
effect of various fine carbides on the hardness [14] . In this 
work we have selected 16MnCr5 as a replacement of the 
presently used crankpin in the connecting rod. 16MnCr5 
is a low carbon steel. It is largely used for various 
applications in many of the automobile industries. It gives 
more effective performance and several operations can 
take place. Components like gear, pin, shaft, cam shafts, 
drive wheels, clutch plates etc., are manufactured by this 
material. 16MnCr5 is hardened by a case hardening 
process which is carried out through the sealed quench 
furnace for the set of process parameters. The results of 
the prepared material were analyzed using hardness, 
microstructure examination and the economic conditions 
of the materials. In future, another set of two materials 
such as SCM420H and ENlA will be used for alternating 
material for crankpin which are processed with the same 
set of parameters and compared with the 16MnCr5 
material to check the suitable crank pin material to avoid 
unexpected damage. 

II. MATERIALS AND METHODS 
16MnCr5 steel is purchased from the local market. It is an 
engineering material commonly used to create levers, 
camshafts, piston bolts, and other parts for vehicles and 
mechanical engineering. Table I and Table II shows 
physical and chemical properties of the 16MnCr sample. 
The purchased material is machined by lathe process with 
the size of 19 mm in outer diameter and 65 mm in length. 

T bl I Ph • 1 a   e s1ca properties: 
Propertv Value Unit 
Thermal expansion 10-10 e-6/k 
Thermal conductivity 25-25 W/m.K 
Specific heat 460-460 J/kg.K 
Melting temperature 1450-1510 C 
Density 7700-7700 kg/m3 

Resistivity 0.55-0.55 Ohm.mm2/m 
Table II . Chemical composition of the base metal 

(asm.matweb.com) 
C Si Mn p s Cr 
0.14- 0.40% 1.00- 0.025%    0.035% 0.80-
0.19% 1.30% 1.10% 

A. Case hardening for 16MnCr5 
The sample of 16MnCr5 material is purchased from a 
local vendor at Chennai , and then material is machined by 
lathe process with the size of 19 mm in outer diameter and 
65 mm in length. 
B. Pre washing 
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Pre-washing is the first step of the process. In this step to clean 
the specimen for removing cooling lubricants, cutting fluids or 
rust preventive oils form a carburizing barrier, components are 
used to clean by alkali DM water with respect to temperature 
and time. Table II shows Pre pre-washing temperature of the 
16MnCr sample. 

Table III. Pre-washing temperature. 
Set Actual 

Alkali temp. 70                70 
Jog time 10                 10 
Spray time 10                 10 
C. Preheating 
Preheating has several goals, including lowering the likelihood 
of hydrogen cracking, lowering the hardness of the weld heat-
affected zone, lowering cooling-induced shrinkage stresses, 
and enhancing the distribution of residual stresses. Table IV 
shows Preheating temperature and time of 16MnCr sample. 

Table IV. Preheating temperature and time 
Temperature 350 C 

Time 30 min 

D. Hardening 
In the hardening process, there are three major process 
parameters such as Temperature, Time and CP (carbon 
potential). Until the correct internal structure takes shape, the 
metal is kept at the proper temperature throughout the 
activation or soaking stage. In order to raise the steel's carbon 
content and ultimately harden the specimen, diffusion takes 
place between a low-carbon steel and a carbon-rich 
environment. Secondary soak is the purpose of changing core 
structure and hardness, Quenching is not possible during 
activation or soaking stage (930c). After diffusion, cooling 
starts then diffusion temperature drops from 930c to 860c 
(secondary soak). And also controlling retained austenite by 
CP drops. Table V shows hardening parameters of the 
16MnCr sample. 

Table V. Hardening parameters 
Parameters Activation Diffusion    Secondary soak 
Temperature 930C             930C 860C 
CP 1% 0.85% 0.7% 
Time 230 min 135 min 30 min 

E. Flow rate 
For flow rate, CO2, LPG and Air pressure are used for the 
process. Table VI shows flow rates used for 16MnCr samples. 

Table VI. Flow Rates 
Co2 LPG Air pressure 
(1pm)             (1pm) (Kg/Cm2) 
1.0 3.0 6.5 

F. Quenching 
Oil quenching is more effective than another quenching 
medium. Salsol Q00l grade for oil which is fast oil or cold oil. 
Oil temperature is set, quenching time takes 45 mins. Agitator 
is used to spread oil uniformly to maintain the temperature for 
the quenching component. Table VII shows quenching 
parameters of the 16MnCr sample. 

Table VII. Quenchin arameters 
Oil Temperature Quenching Oil Trip Agitator 
70C 30 min 15 min 500 rpm 
G. Tempering 
Tempering is the last step of the process. For low carbon steel, 
tempering temperatures range from 150°c to 200°c. 

Table VIII. Tern 
Tern erature 
Time 

Time for after soaking is 2 hours. Table VIII shows 
tempering parameters of the 16MnCr sample. 
III. RESULTS AND DISCUSSION 
Case hardening process for 16MnCr5 is completed. 
Surface hardness 62,63 HRC and core hardness 41 ,42 
HRC observed. Effective case depth is 1.34 mm is 
observed. Microstructure for case is Fine tempered 
martensite with 2% Retained austenite and for core Low 
carbon martensite are observed. From this result is 
considered as a reference for the process of other two 
materials SCM420H and ENlA.After all processes are 
completed, hardness, case depth and microstructure to be 
inspected and observed. Comparing these materials with 
achieved results and also comparing the economic 
conditions of the materials. 
A. Hardness and Case depth 
1) Before Hardenin~ 

Fig. 1 Soft material 
Fig.I shows soft material Before hardening, the raw 
material or soft material to measure by its hardness in 
Rockwell hardness test. Table IXshows the hardnessofthe 
16MnCrsample before hardening. 
Table IX. Hardness of 16MnCr sam le before hardening. 

Material Hardness 
16MnCr5 12HRC 

B. As Quench hardness 
After hardening the material , Post washing was done. As 
Quench hardness is checked for the tempering. Table 
Xshows the hardnessof the 16MnCrsample as Quench 
hardness. 

Table X. Quench hardness 
I Material I SH 

64,65 HRC 
C. After Tempering 

Fig 2. Harden material 
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Fig.2 shows hardened material after tempering, both surface 
hardness and core hardness checked in the Rockwell hardness 
tester. Surface of the material is finished by a linting machine 
with 120 sheet garde for surface hardness. Core hardness is 
checked by a cross section of the material. Table Xlshows the 
hardnessofthe 16MnCr sample after tempering. 

Table XI . Hardness of 16MnCr sam le after tern ering 
Material SH CH 
16MnCr5 62,63 HRC 40,41 HRC 

D. Case depth 
1) Micro hardness survey 
Table Xllshows a micro hardness survey of 16MnCr samples. 

Table XII. Micro hardness survey 
Depth in mm Hardness 

0.1 795 
0.2 785 
0.3 783 
0.4 776 
0.5 765 
1 620 

1.1 568 
1.2 549 
1.3 520 
1.4 502 

Core 457 
ECD l.34MM 

E. Calculation for Effective case depth: 
HDl - HB2 HDl - Hcutoff 
D2 - Dl ECD - Dl 
520 - 502 520 - 513 
1.4 - 1.3 ECD - 1.3 
ECD 1.3388 which implies 1.34 mm. 
Effective case depth for 16Mncr5 is 134 mm. 
After preparation of mold is done, Micro hardness survey is 
checked on micro Vickers hardness tester. Load for checking 
is HVl.0 kg and the cut off value is 513. The below table 
shows the hardness traversed reading for the effective case 
depth. Depth is measured by the range of 0.1 mm upto cutoff 
value. Cut off value is achieved in between 1.3 mm depth to 
1.4 mm depth. 1.34 mm is the exact value of Effective case 
depth. 
Fig.3 shows Mold of the specimen is tested with micro 
hardness survey. After testing is done, the mold sample is 
etched into the solution. Etching is used after Metallographic 
Grinding and Polishing Procedures. Etching is prepared from 
5% of HNO3 and 95% of Carbotluid. Etching Enhances the 
Contrast on Surfaces in Order to Visualize the Microstructure. 

Fig.3 Specimen mold 

F. Microstructures 
Fig.4 shows microstructures are observed in Optical 
microscopy. For case, Fine tempered martensite with 2% 
Retained austenite observed. Carbides or network 
carbides or fine carbides are not found. 

lO0X 

200X 

500X 
Fig. 4 Case micro structure: Fine tempered martensite 
with 2% RA with different Magnification range 
From figure 5 (ABC) refers to case 16MnCr5 
microstructure for case Fine tempered martensite with 2% 
of Retained austenite are observed with fine grains 
structure, there are carbides, network carbide, and decarb 
layer is not found . Oxidation observed below 1mm. From 
figure 5 (ABC) refers to core 16MnCr5 microstructure for 
core Low carbon martensite with bainite structure are 
observed, there is core ferrite and ferrite pitches are not 
found. 
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lOOX 

200X 

500X 
Fig. 5 Core microstructure Core: Low tempered martensite 

with different Magnification range 
G. Surface Morphology 

Fig. 6&7 shows the SEM images obtained for Case 
microstructure and Core microstructurestructure after hardness 
for the study. The ductile cracked object in the surface 
morphology images has micro spaces and dimples. As-
received  specimen, where intergranular fracture and dimples 
are shown in the Case hardening specimen, but case and core 
cleavage and dimples are seen in the core hardening specimen. 

Fig. 6 Case micro structure 

Fig. 7 Core microstructure 
IV. CONCLUSION 

Selected materials 16MnCr5 is purchased and process 
parameters, hardened and result analysis were completed. 
The final results of comparative study of this process are 
as follows below. Table 12 refers to the Case hardening 
and core hardening process for 16MnCr5. 
Table XIII . 16MnCr5Sample results 

SURFA CAS CORE MATER! CE HARDN E MICROSTRU 
ALS HARDN ESS DEP CTURE 

ESS TH 
Case Case: FTM + 
hardenin 62,63 40,41 1.34 5%RA 
g HRC           HRC mm Core: 
16MnCr5 LCM+BAINIT 

E 
Core Case: FTM + 
hardenin 63,64 38,39 1.28 5%RA 
g HRC HRC mm Core: 
16MnCr5 LCM+BAINIT 

E 
Table XIII shows that results of selected materials 
16MnCr5 and the results represents the 16MnCr5 
materials achieved similar hardness, case depth and 
microstructure of presently used SCM420H crank pin 
material. From the results 16MnCr5 is highly preferred 
for replacement of current crank pin material. Economic 
conditions of the material are low compared to old 
material. 16MnCr5 is of moderate cost than SCM420H. 
16MnCr5 has achieved similar hardness, microstructure 
and economically good for the future production of 
crankpin. 

V. REFERENCES 
[l]. Crankshafts- parts, function, types, diagram and 
process applications 
https://www.theengineerspost.com/crankshaft-parts-and-
function/ 
[2]. Crankpin and its function, importance of 
crankpin, performance-oriented component-
http://www.nrbbearings.com/blog/what-are-
crankpins.html 
[3]. M Meikandan, P Ganesh Kumar, M Sundarraj , D 
Yogaraj , 2020, Numerical analysis on heat transfer 
characteristics of ionic liquids in a tubular heat exchanger, 
International Journal of Ambient Energy 41 (8), 911-917 
[4]. SundarrajMoorthi , MeikandanMegaraj, Lenin 
Nagarajan, AlagarKarthick, MurugesanBharani , Pravin P. 
Patil, 2022, "Dynamic Analysis and Fabrication of Single 
Screw Conveyor Machine" , Advances in Materials 
Science and Engineering, vol. 2022, 
https://doi.org/10.l 155 /2022 /3843968 

714 
Authorized licensed use limited to: Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and Technology. Downloaded on April 26,2025 at 02:24:28 UTC from IEEE Xplore.  Restrictions apply. 



715

[5]. GV Teja, M Meikandan, 2021, Design of Automatic 
Deluge Fire Protection System for Explosive Processing 
Building, Innovative Design, Analysis and Development 
Practices in Aerospace and Automotive Engineering, 351-357, 
[6]. S.Arunkumar, M.Chandrasekaran, V.Muthuraman, 
T.Vinodkumar - Study properties and mechanical behavior of 
the shaft material of 16MnCr5 - Materials Today: Proceedings, 
Volume 37, Part 2, September, 2020, 
doi: 10.1016/j .matpr.2020.08.286 
[7]. KritiSrivastava, AbhinavAnandSinha, 
RishikantSahani - Effect of heat treatment on hardness and 
toughness of EN8 steel - Materials Today: Proceedings, 
Volume 42, December 2020, doi : 
10.1016/j .matpr.2020.12.1015 
[8] . Haojewang,Binwang, Zhadongwang,yongtian, 
R.D.K.Misra- Optimizing the low pressure carburizing process 
of 16Cr3NiWMoVNbE gear steel , journals of material science 
and amp; technology, march (2018), 
doi.org/10.1016/j .jmst.2019.02.001 
[9]. Saicai, 
Jinquansun,Tongshi ,Dongruiwang,JinweiSi,Jieyang,Fujieli ,Ku 
mxie,Min Ii - 16MnCr5 gear shaft fracture caused by 
inclusions and heat treatment process - engineering failure 
analysis, volume 126, august 2021, 
doi.org/10.1016/j .engfailanal.2021.105458 
[10]. Manchaozhang, Zhenqiangyao,Shengxu 
Optimization of roughness and residual stresses in path 
controlled grinding of crankpin - procedia CIRP, volume 
36,2015, doi.org/10.1016/j .procir.2015.01.056 
[11]. M.P. Prabakaran, G.R. Kannan - Effects of post weld 
heat treatment on dissimilar laser welded joints of austenitic 
stainless steel to low carbon steel - International journals of 
pressure vessels and piping, volume 191, june 2021 , 
doi.org/10.1016/j. ijpvp.2021. 104322 
[12]. Shaohong Ii , 
Xiaohongyuan,Wenjiang,HudaiSun,Junli ,Kunyuzhao - Effects 
of heat treatment influencing factors on microstructure and 
mechanical properties of a low carbon martensitic stainless 
bearing steel , materials science and engineering, volume 605, 
may 2014, doi .org/10.1016/j.msea.2014.03.061 
[13]. Gurmeetsingh - A review on heat treatment on the 
properties of mild steel - materials today: proceedings, volume 
37, 2021, doi.org/10.1016/j.matpr.2020.07.702 
[14]. Choonyoo,Sang-jinyoon, Chang-yeoloh,Bo-an kang -
Analysis on the microstructure and hardness change after 
carburizing of chromium molybdenum alloy steel for 
automobile parts. 
[15]. K.C. Anil, J. Kumaraswamy, Akash et al. , 
Experimental arrangement for estimation of metal-mold 
boundary heat flux during gravity chill casting, Materials 
Today: Proceedings, 
https://doi.org/10.1016/j .matpr.2022.07 .399 
[16]. J Kumaraswamy, Anil K. C., VidyasagarShetty& C 
Shashishekar (2022): Wear behaviour of the Ni-Cu alloy 
hybrid composites processed by sand mould casting, Advances 
in Materials and Processing Technologies, page 1-17, DOI: 
10.1080/23 7 4068X.2022 .2092684. 
https://doi.org/10.1080/23 7 4068X.2022 .2092684 
[17]. J. Kumaraswamy et al., "Thermal Analysis of Ni-Cu 
Alloy Nanocomposites Processed by Sand Mold Casting," 
Advances in Materials Science and Engineering, vol. 2022, 
Article ID 2530707, 11 pages, 2022. 
https://doi .org/10.1155/2022/2530707. 

[18]. Ebenezer Abishek B., ArunRaaza, S. Ramesh, S. 
Jerritta, and V. Rajendran, "Circularly Polarized Circular 
Slit Planar Antenna for Vehicular Satellite Applications", 
ACES Journal , vol. 34, no . 09, pp. 1340-1345, Sep. 2019. 
[19]. Khatoon, UmmeThahira, AdityaVelidandi, and 
GVS NageswaraRao. "Nano-sized copper particles: 
Chemical synthesis, characterization, and their size and 
surface charge-dependent antibacterial potential." Results 
in Chemistry 7 (2024): 101258. 
https://doi .org/10.1016/j .rechem.2023.101258 
[20] . Raja, T., Raja, K. V., Reddy, M. I., Al Obaid, S., 
Alharbi , S. A., &Kalam, M. A. (2023). Studies on 
mechanical and morphological behaviors of 
banyan/kevlar fibers reinforced MgO particulates hybrid 
aliphatic epoxy composite. The International Journal of 
Advanced Manufacturing Technology, 1-8. 
https://doi.org/10.1007 /s00l 70-023-11852-w 
[21] . Thandavamoorthy, R., Kumar, S. L., 
Adinarayanan, A., Al Obaid, S., Alharbi, S. A., &Kalam, 
M. A. (2023). Evaluation of mechanical and water 
absorption properties of kevlar/carbon/basalt fibers 
reinforced nano cellulose particulates Bisphenol-F L Y556 
epoxy composite. The International Journal of Advanced 
Manufacturing Technology, 1-10. 
https://doi.org/10.1007 /s00 170-023-12152-z 
[22]. Nagappan, B., Devarajan, Y., Kariappan, E., 
Raja, T., &Thulasiram, R. (2023). A novel attempt to 
enhance the heat transfer rate of thermal energy storage 
using Multitemperature phase change materials through 
experimental and numerical modelling.Applied Thermal 
Engineering, 227, 120457. 
https://doi .org/10.1016/j .applthermaleng.2023 .1204 
[23]. Kayalvizhi K, S. Ramesh,  " A novel MIMO 
antenna with switchable UWB/5G modes for vehicular 
terminals", Microwave and Optical Technology Letters, 
vol. 65, no. 9, pp. 2640-2645, Sep 2023 . DOI: 
10.1002/mop.33760. 
[24]. Kumar, T. Vinod, and M. Chandrasekaran. 
"EVALUATION OF THERMAL AND CHEMICAL 
PROPERTIES ON NANO CARBON WITH FIBER 
REINFORCED POLYMER MATRIX COMPOSITES." 
[25] . Kumar, T. Vinod, and M. Chandrasekaran. 
"CHARACTERSA TION ANALYSIS OF HARDNESS, 
IMPACT, WATER ABSORBTION NANO CARBON 
FIBER REINFORCED POLYMER MATRIX 
COMPOSITES [NCFRPC]." 

715 Authorized licensed use limited to: Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and Technology. Downloaded on April 26,2025 at 02:24:28 UTC from IEEE Xplore.  Restrictions apply. 


