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Abstract: The research explores how Al-powered sustainable HR practices influence employee creative performance
within India's IT sector through the mediating role of individualised agreements. The research applies structural equation
modelling to examine survey data from 360 IT professionals based on the frameworks of the Job Demands-Resources
model and Social Exchange Theory. Al-based training and performance management systems raise creative performance
levels and show that ideals partially mediate these relationships. The research results reveal contextual differences because
ideals mediate recruitment effects and performance management outcomes but show no significant mediation for training
interventions, likely because of the sector's inclination toward standardised learning approaches. The research delivers
significant theoretical advancements by analysing Al-HRM systems in emerging economies and exploring personal work
arrangements' limits in tech-heavy settings. These insights serve as essential guidance for practitioners deploying HR
technologies that successfully combine standardisation with personalisation to promote workplace innovation. The
research reveals surprising results about the minimal direct influence of sustainability orientation. The research advocates
for integrated strategies to synchronise sustainability initiatives with innovation objectives within India's IT sector.

1 Introduction 2 Review of related literature

India's Information Technology (IT) sector contribute®.1  Theoretical framework
9.4% to the GDP. It produces $227 billion in revenue [55] This research integrates vital elements from the Job
while it experiences fast-paced transformation through tieemands-Resources (JD-R) model [7] and Social
implementation of Al and sustainability measuregxchange Theory (SET) [13] to develop a framework that
[29,55,68]. Al-driven HR practices improve bothexamines the influence of Al-enabled sustainable HR
efficiency and employee performance according to recepitactices on employee creative performance through the
studies [52,71,72] yet research about their effectaediating role of idiosyncratic deals (I-deals). The JD-R
specifically in India's IT environment is still limited model establishes that Al-powered HR practices, such as
[17,19,48]. This study explores this deficiency byecruitment and training, function as essential
examining how five Al-enabled sustainable HR practicesrganisational resources that reduce job demands and
namely recruitment training, performance managememinhance employee motivation and creativity [32,67]. The
sustainability orientation, and empowerment, affecipplication of technological interventions results in work
creative performance through idiosyncratic deals (I-dealghvironments that boost employee abilities for creative
as a novel mediating mechanism. The study comes athinking and problem resolution, according to research by
critical time as the IT sector struggles with high turnoved4,72]. SET explains how organisations and employees
rates [6,60] alongside an increasing demand for sustainahiaintain a reciprocal relationship through personalised |-
talent management practices [24,30,41]. The study buildeals, which create organisational support and employee
on the Job Demands-Resources model [7,67] amtligation, leading to increased creative contributions
Resource-Based View [9,75] to deliver empirical evidends,23). India's IT industry benefits from this theoretical
of AI-HRM effectiveness in India’s IT sector [1,28] whileintegration because it enables the combination of
introducing I-deals as essential mediators in technologyephisticated HR technologies with tailored employment
based HR settings [5,39] and presents actionable guidar@ictures that solve distinctive workforce issues while
for creating sustainable Al-enhanced HR systems th@lipporting long-term innovation [17,28]. The framework
encourage creative work [25,34,47]. The research enablg$sances current understanding by presenting evidence
companies to manage digital changes by meetingat Al-powered HR systems set up the structural
sustainability demands and workforce requirements withigonditions for I-deals to become strategic resources
India's competitive IT sector [10,54]. [71,74]. The research integrates different theoretical
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viewpoints to show how organisations can use Al-poweratécrease onboarding time by 30% [8,71]. Sustainable
HR systems focused on sustainability to boost creativitgRM principles related to SDG 4 are supported by systems
through customised employment practices and discuss that promote ongoing skills development [22,47,50].
future of digital economy work [53,62]. Adaptive capabilities establish individualised development
paths that enhance self-direction [7,69] and promote
2.2 Conceptual framework _ creative solutions to problems [62,76,77]. Studies indicate
221  Al-enabled recruitment and selection Al training systems enhance innovation skills for cloud and
Advanced algorithms in Al recruitment systemsy| technologies in Indian IT organisations, according to

transform talent acquisition processes by reducing hiringz 55 while integrated analytics tools forecast upcoming
bias by 37% through automated screening and enhancjagring requirements as evidenced by [19,32,53].
predictive validity [12,61,72]. The IT sector in India

deploys systems that analyse over 10,000 data points pet3  Al-enabled perfor mance management
candidate to enhance the technical-organisational match Data-driven evaluations from real-time analytics
[19,28,48]. Digital platforms increase transparency witdashboards track over 35 performance metrics, which
chatbot interfaces [49,71] and enable ESG-aligned hiririgsult in a 40% reduction of appraisal bias within Indian IT
by measuring values-congruence [24,63]. Al identifies ar@fganisations, according to [21,28,32]. Modern platforms
utilises creative potential through proactivity and cognitivese predictive modelling to discover potential innovators,
flexibility to enhance innovation outcomes [34,43,67]while sentiment analysis supports comprehensive 360°
This technology handles India's IT talent shortage Bgedback, according to findings by [19,43,72]. Continuous
employing effective mass screening methods [17,55] whigerformance tracking with these tools provides ongoing
utilising analytics to forecast achievement in innovatiorole clarity while eliminating the need for annual reviews
positions [17,20,32]. [2,73], which proves especially beneficial within India's
. fast-paced IT industry [17,55]. Sustainability metrics
222  Al-enabled training and development _integration connects KPIS with SDG targets (Figure 1),
_Modern personalised learning platforms incorporatingagjting in a green innovation engagement rise of 28%
_remforc_ement glgorlthms show a 42% hlghereffect|v§ne 142,62]. Employees get clear, personalised feedback
in_ closing skill gaps than conventional educationgl 53] and managers obtain specific coaching insights
techniques [5,43]. Technical skills among India’s I'tgg 76]. Creative performance improves when innovation

profegsionqls improve through_microlearning modules arlQ(pectations become apparent, according to [4,74,77].
VR simulations [21,48,55] while NLP-powered mentors

Al-enabled Recruitment & HI1-HS
Selection (RSE)
Idiosyncratic Deals
Al-enabled Training & (ISD)
Development (TRD) )
H6 &
Al-enabled Performance H7a-hfe

Management (PMS)

L Organizational : - __L

Employee Creative

Sustainability Orientation
Performance (CPF)

Employee Empowerment
& Autonomy (EEA)

Figure 1 Conceptual framework

224  Organisational sustainability orientation beyond mere compliance into daily operations [42]
Indian IT firms see their employer branding improve byrganisations achieve creative solutions for sustainable

1.8x and employee retention rates rise by 25% throughallenges [62,77]. In these companies, employees exhibit

ESG-integrated organisational cultures [17,22,34]. Greexvanced innovation testing [17,55], which stems from

coding and ethical Al governance as sustainabilityeinforced psychological commitments [39,65] that

practices increase employee pride and empowermeptpduce bidirectional innovations [19,76].

according to [3,24,30]. ESG values are shown to stimulate .

intrinsic motivation [23,69], which contributes to Indian IT%-%>  Employee empowerment and involvement

firms with sustainability initiatives experiencing 35% more Indian IT teams achieve a deC|S|on-ma!<|ng sp.eed
crease of 50% through real-time data analytics provided

innovation engagement [8,47,50]. Authentic integratiorg;g .
remains essential because when sustainability exte Al autonomy  platforms  [21,43,48].  Organised
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empowerment programs such as hackathons lead to a 28f&ctiveness of digital HR in developing innovation
boost in patent submissions [19,55,76]. The Indian I[&bilities [17,21,53].

sector relies on psychological empowerment [69,70] to

drive frontline innovation during fast technologicald Research methodology .
advancements [17,55]. Research indicates that employeesUsing a quantitative, cross-sectional research design,
with empowerment demonstrate 40% speedier technolofijjs study investigates how Al-enabled sustainable HR
adoption rates, according to [8,28] while also showingractices (recruitment & selection, training &
improved problem-solving abilities as documented bsevelopment, performance management, sustainability
[2,7]. The combined use of Al tools alongside manageri@fientation, and empowerment & involvement) relate to
delegation stimulates creative work environments [32gmployee creative performance in India’s IT sector through
which facilitates innovative performance-tracking methodé'e mediation of idiosyncratic deals (I-deals). This
[53,77). The balance between organisational approacH8§thodological ~ approach ~ extends traditional
significantly affects India’s hierarchical society becaus@rganisational research practices [35,58] and also adapts
conventional systems often limit innovative activitieghese practices to the specific needs of technology-focused

[4,39,74]. workplaces [28,52]. The research included a structured
) ) questionnaire with validated scales that feature adapted Al
226  Idiosyncratic deals recruitment measures from [12,29] as well as training

The use of flexible work algorithms allows 68% of |Tsca|es from [55'71] alongside performance management
professionals in India to establish personalised work termgms from [32]. The framework included sustainability
that enhance their creative capabilities [5,39] whilgrientation metrics outlined by [30] alongside [24,53]. The
selecting specific projects increases innovation output ky,dy measures empowerment using scales derived from
41% [74,77]. I-deals provide psychological contract70,76] and examines I-deals with scales from [5,65].
reinforcement by satisfying employees’ autonomy needsreative performance indicators were based on [4,34]
which benefits India's competitive labour markefindings. The research team gathered data from 360 IT
[8,48,55,65]. These systems promote reciprocal actioBgecialists across India through snowball sampling, which
[23,69], resulting in employees expressing morglfilled the required sample size for SEM as specified by
significant creative work effort [19,43]. Mediation effect§35 45). The data collection occurred via Linkedin and
show strong recruitment influenced=0.059**) while  professional forums in line with the survey methodology
having minimal training impact3¢-0.004) within Indian  proposed by [27]. The study applied Structural Equation
IT sectors [37],which indicate.s.the region's preferen_ce fModeling (SEM) in AMOS 28.0 for testing predicted
standardised technical training [17,21]. Effectivelye|ationships, starting with Confirmatory Factor Analysis
implemented |-deals prioritise project selection angh check measurement model reliability (CR > 0.7, AVE >
scheduling alongside skill enhancement, reflecting thgs) and validity [31] before proceeding to structural path
project-oriented work culture in India [2,5,17]. Al-HR assessment and bootstrapped mediation analysis [37,59].
system implementation boosts creative output whilghe study's design includes checks for common method
maintaining efficiency [71,76]. bias [58] and multicollinearity [46]. It maintains 90%
227  Employee creative performance statistical power to identify medium effect sizes while

Creative performance in India's IT sector is measurdgPloring Al-driven HR systems' impact on creative

through three dimensions: Three dimensions measj? r_formance through personalised work arrangements in
creative performance in India's IT sector consisting pdia’s IT sector [17,48].

ideation rate (patents/hackathon wins), solution novelly pgig analysis
(expert evaluations), and implementation success (project 1p,ig study utilises Structural Equation Modeling

ROI) [4’76’77].' Companies that nn_plgment Al-HRM SEM) to examine the hypothesised connections between
systems experience a 32% increase in innovation OUtp5&§enabIed Recruitment & Selection, Al-enabled Training
[19,28] with particular gains in product developmeng poyeiooment, Al-enabled Performance Management
[8,34]. Creativity develops through individual COgnitiveOrganizationaI ,Sustainability Orientation Employee’
flexibility along with_organisational er)able_:rs [17343’55 mpowerment & Involvement (asindepende'nt constructs),
and serves as an important strategic differentiator .f?éiosyncratic Deals (as mediator), and Employee Creative

InQ|a's I mdu_stry [48]. I-qeals funguon as mgd|ators "berformance (as dependent construct) within India's IT
this relationship by enabling creative potential througfyq sty SEM is a multivariate statistical method that

their mechanisms [5,39,65] and .sgstainability .orientatio ables researchers to test direct, indirect, and mediated
creates purpose [22,50]. SFat|st|caI anaIyS|s_ t.h.rou nnections in one analysis, rendering it perfect for
structural ~ equation  modeling = reveals significanf,,yjing multifaceted models [35,45]. The measurement

connections between Al-enabled training=Q.212") g validity and reliability were confirmed through

and performance managemef#Q.183*), which lead to Confirmatory Factor Analysis (CFA) using AMOS

creative outcomes [36,37], thereby supporting thE€ygyare by analysing factor loadings and Composite

Reliability (CR) and Average Variance Extracted (AVE)
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values to ensure constructs represent theoretical variabbesfirmed through measurement model fit indices, which
correctly [31,35]. Researchers analyzed several fit indicdemonstrate CFl equals 0.93 and RMSEA equals 0.06
such as the Comparative Fit Index (CFI), Tucker-Lewigl0,45]. The data proves a solid psychometric foundation
Index (TLI), Root Mean Square Error of Approximationfor SEM analysis according to [36,64] while showing
(RMSEA), and Standardized Root Mean Square Residustong capability in mapping HR-tech-mediated innovation
(SRMR) to determine both model fit and suitability usingoutes.

guidelines from [40,45]. The structural model examination

revealed direct connections between Al-enable®3 Assessment of the convergent and

sustainable HR practices and Employee Creative  discriminant validity

Performance and then proceeded with mediation analysis The measurement model shows strong psychometric
using Idiosyncratic Deals through bootstrapping with 500@haracteristics evidenced by composite reliability (CR)
samples to create sturdy confidence intervals [37,59]. TMalues between 0.67 (PMS) and 0.81 (OSO, ISD), all above
study performed standard method variance (CMV) arf#e minimum 0.60 internal consistency benchmark [35].
multicollinearity evaluations to enhance the validity of ity he Average Variance Extracted (AVE) measures range
findings [46,58]. The study uses a thorough analyticéllom 0.408 for PMS to 0.588 for OSO and most constructs
approach to provide a statistically valid evaluation of ho®xceed the 0.50 convergent validity standard according to
Al-powered HR initiatives affect the creative performancé31,38]. Despite PMS's AVE falling slightly below the
of IT professiona|s through persona]ised emp|0ymeHﬂf€ShO|d IeveI, it remains suitable for retention because its

arrangements in India's rapidly evolving tech industry. CR meets acceptable standards, and other contextual
factors support its inclusion [35].

4.1 Demographic assessment of the sample o
Table 1 Quality criteria of constructs

respondents Factor

The respondents' demographics show that India's IT Latent Variable ItemLoadinc AVE CR Vz;ue
sector workforce is predominantly youthful, since 61.1% -
are aged 18 to 35 years, 33.3% fall in the 35 to 50 a 'e”f%b'ed RSE; O'7E
range, and only 5.6% are over 50 years old. The sec peruitment 8RSEf 0.7 0.5750.8 0.79
exhibits significant gender diversity as female participatio election (RSE RSE:  0.7¢
(53.9%) marginally exceeds male participation (46.1%)Al-enabled Training g;g; 8;25 0.5560.72 0.71
The workforce demonstrates high educational attainmerbevelopment (TRD) TRD 0167; . . .
with 42.2% having postgraduate degrees, 36.1% holdin T anc
bachelor's degrees, 13.6% with diplomas, and 8.1 -enabled PMS; 0'65;
possessing professional qualifications. The workforc erformance ' PMSf 0'742 0.5080.67 0.68
displays a substantial middle-level presence at 45.8%, wi anag.em.ent (PM: PMS: 0'70:
junior-level employees at 34.7% and senior-level staff rgan_|sat|.qnal OSO? 0‘76;
15.3%, demonstrating a balanced mix of experiencguStainability 0S0: 0'79; 0.5880.81 0.8
Income-wise, 38.9% of respondents earn above Rs. rientation (OSC 0S0x: 0'74;
monthly income above Rs. 1.5 lakh reflects th mployee EEA1 0.71:
considerable salaries typical in the IT industry, while onl mpowerment éEEAE 0.72¢ 0.5200.76 0.75
17.2% earn below Rs.40,000, showing that the surveyéotijtonomy (EEA 'IESEI'DA‘I 8;?3
workforce displays income diversity. |(?éoDs)yncrat|c Deal 1SD2 0.74f 0.5370.78 0.77
4.2 Exploratory factor analysis ISD3 0.7t

Table 1 shows strong psychometric properties for a . CPF1 0.70¢
measurement constructs. The factor loadings range frq%inr?(l)?%eaence (g{,ia;“_" CPFz 0.73: 0.5050.75 0.74
0.609 to 0.795, which all surpass the 0.60 mark, thereby CPF: 0.69¢

verifying both item reliability and convergent validity
according to the findings of [31,35,66]. Constructs like Alz
enabled Recruitment (RSE: AVE scores of 0.575 and 0.5
indicate strong validity for Al-enabled Recruitment (RSE

and Sustainability Orientation (OSO) based on [31,3 L
criteria. Training (TRD: AVE=0.456) and Performance elow 0.85, demonstrate further construct distinctiveness

Management (PMS: AVE=0.508) demonstrate IoweYa"dation [38]. The measurement model demonstrates
performance yet maintain acceptable composite reliabili rength through stable factor. Ioadllngs across bootstrgp
levels at CR=0.72/0.67 [35]. The range of Cronbach amples (p<0.01) [64], along with suitable goodness-of-fit
alpha between 0.68 and 0.80 demonstrates stro? r:‘:?ri tr(1(e:Ir:T:;g.sgélr’es‘SrIZIB{a”kq)'l_'o.osgl'(j['A:O].an-lc—ihdescf:'r;g'lr?grswt

reliability according to [33,57], while discriminant validity 'er Crontin “a soI'dI 'S'Wér:’m;];t{.’c b r: dat‘.or'] o

across constructs is confirmed through HTMT ratios belo&(rrjvctdral anall gis [36 4'5] psy ! u !

0.85 as per [38]. Adequate model specification ig y i

Discriminant validity stands confirmed through the
] criterion analysis because AVE square roots
SE=0.76, OS0=0.77, CPF=0.72) exceed inter-construct
rrelations [35,66]. The HTMT ratio values, which stay
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4.4 Modd fit assessment of constructs indicated by = 0.019, t = 0.630, p = 0.528, demonstrating
The key indices in Table 2 show that the model fits athinimal direct effects from sustainability orientation itself.
metrics perfectly. The CMIN/DF ratio (2.192) meets th . . . .
recommende(_j 1-3 standard according to [45] indicating(:‘—!';lable 3 Hypothesis :)eesrtfgrgm—agérs %E?Dflf:e)ds on employee creative
properly parsimonious model. The CFl (0.956) and TL1 Coefficients —
(0.953) values surpass the stringent 0.95 benchmarks Path () tvalue  p-value  Decision
according to [40], while the NFI (0.945) exceeds the 0.90CPF <---

standards set by [11]. The AGFI value of 0.915 establishes RSE 0.146 2.588 0.010  Accepted
model adequacy according to [67]. It is further supportedCPF : 0.183 3299 0.001 Accepted
by the SRMR value of 0.048, which falls below the 0.08 PM<

threshold according to [26,40]. The RMSEA value of CPF <~ 4515 3.731 <0.001  Accepted
0.055, along with PClose at 0.062, demonstrates a cIos&IEE_“

approximate fit according to [16,51] and this fit is =g~ 0.019 0.630 0.528 Rejected
confirmed by an accurate 90% CI of 0.049-0.061. A cpp ...

bootstrap validation using 5000 samples confirms stable gga 0.159 2.827 0.005  Accepted
parameter estimates (p<0.01) and indicates allcpF < 0.166 3.280 0001  Accepted

modification indices are below 3.84, according to [18]. The ISD
analysis outcomes together validate the model to )
effectively explain hypothesis testing results according (56 Indirect effects _ o

[36] and, most notably, demonstrate its capability to model The mediation analysis findings, including direct and

HR-tech innovation pathways as shown by [64,66]. indirect _impacts on employee creative performance (CPF),
appear in Table 4.

Table 2 Model fit indices

Paramete Outpu Thresholc Referenc TT?blle 4 Medlia;i.on ?naWSiSD_ :
otal ndirec Irec ..
CMIN/DF 2.325 Bf;“xze;” [45] Path  Effect Sig. Effect Sig. Effect M?rd'agon
CFl 0937 >0.95 [40], [11], [18] (®) (B) ® P
TLI 0.950 >0.95 [11], OSO— CPF 0.020 0.5130.001 0.8620.019 N.O .
NFI  0.94C >0.9( [14], Mediation
AGFI  0.89C > 0.9 [44], TRD — CPF  0.208 0.0020.004 0.5950.212 Metl;ligtior
SRMR 0.042 <0.08 [40], [45], e
RMSEA 0.058 <0.06 [40], [16] PMS— CPF 0.219 0.0010.035 0.0100.183 Mediatior
PClosi 0.02( > 0.0t [44], [15] Partial
- RSE—CPF  0.205 0.0070.059 0.0120.146, 2
45 Hypothesistesting: direct effects Partial
The direct hypothesis testing (Figure 2) findings foEEA— CPF  0.223 0.0000.064 0.0140.159, .-won
Employee Creative Performance (CPF) are in Table 3. Al- No
ISD — CPF 0.166 0.0170.000 --- 0.166

powered Training & Development (TRD) provides the Mediatior
most substantial positive impa@t € 0.212,t=3.731, p <

0.001), which shows that personalised advanced training The  research — demonstrates that Al-enabled
methods lead to notable improvements in employderformance Management Systems (PMS) affect
creativity. Digitalised performance management practic&nployee  creative  performance  (CPF)  through
demonstrate their positive impact through Al-enablelfliosyncratic Deals as indicated by significant partial
Performance Management Systems (PMS), significantjediation (Indirec = 0.035, p = 0.010). The mediation
predicting CPF § = 0.183, t = 3.229, p = 0.001). Theanalysis |nd|cates_ Aljenabled Recruitment & S_electlon
statistical analysis demonstrates that Idiosyncratic DedRSE) achieves significant partial mediation (Indirget
(ISD) are a vital intermediary factor with a substantia-059, p = 0.012) because personalised work arrangements
direct effect p = 0.166, t = 3.280, p = 0.001), therebf”ed'ate recruitment methods and creativity. Employee
validating that tailored work frameworks boost creativEmpowerment and Autonomy (EEA) shows partial
production. The positive effects of Employeegnediation (Indirecg = 0.064, p = 0.014), demonstrating
Empowerment and Autonomy (EEA) on CBR0.159, t that autonomy increases creativity through indirect
= 2.827, p = 0.005) demonstrate how empowermeﬁha””e|5- The results show that Al-enabled Training &
contributes to creativity. The use of Al technology ifPevelopment (TRD) and Organisational Sustainability
Recruitment & Selection (RSE) significantly influencedOrientation (OSO) demonstrate direct effects on CPF since
CPF with coefficients of = 0.146 and statistical values oftheir mediation tests did not reach significance levels (p >
t = 2.588 and p = 0.010. Organisational SustainabilitQ-_OE’)- Idiosyncratic Deals (ISD) directly influence CPF

Orientation (OSO) lacks direct influence on CPF a¥ithout any mediation process. Empirical results
demonstrate that Idiosyncratic Deals significantly mediate
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between specific HR practices and creative performance
results.

52
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@
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1 1 1
37 28 29

Figure 2 Hypothesis testing

5 Findings analysis reveals that the Al-enabled Recruitment &
The study demonstrates strong connections betweeglection (RSE) system exhibits substantial partial
Al-driven HR processes and idiosyncratic deals witAediation through I-deals (Indirept= 0.059, p = 0.012)
employee creative performance in India's IT sector aehich validates psychological contracts theory [39,65] and
uncovers unexpected results that deserve analydioject-based work research [5,74,77] while TRD
Research from technology-focused organizations confimg§owcases  insignificant mediation through  I-deals
that Al-enabled Training and Development (TRD) creatdéndirect p = -0.004, p = 0.595) that opposes findings in
a significant direct impact on CPB € 0.212, p < 0.001) personalized learning studies [39] and may be attributed to
which matches findings about how adaptive learnintldia's emphasis on certification [28,55]. The research
platforms boost creative capabilities through tailored skifindings together develop our knowledge about how digital
development [8,34,43] and through just-in-time knowledgglR systems nurture workforce creativity and reveal vital
acquisition [21,55,71]. The use of Al-enabled Performan&®ontextual aspects in emerging economies.
Management Systems (PMS) has been shown to
significantly affect CPF{ = 0.183, p = 0.001), which 6 Managerial and practical implications
supports findings that innovation grows through dates.1 Managerial implications
driven feedback and development support [2,28,53]. The Managers in India's IT industry can gain valuable
research findings demonstrate that Organization@isights from these findings, emphasising strategic
Sustainability Orientation (OSO) fails to show any diredhvestments in Al-driven training and performance
significant impact on CPR3(= 0.019, p = 0.528), which management systems to enhance creative employee
opposes previous studies that have identified sustainabilggrformance. Managers must focus on deploying digital
as an innovation catalyst [22,24,30] but might reflect theaining platforms while delivering tailored and flexible
compliance-oriented sustainability methods present kill development opportunities because they boost
India [17,48]. When viewed through the lens otreativity. Implementing technology-based continuous
empowerment mediation, post-hoc analysis shows OS@érformance evaluation methods enables managers to
indirect effects become meaningful with a significant betastablish clearer expectations and enhance employee
(0.041) and p-value (0.038), which supports recericcountability. Managers must find ways to combine
findings in green HRM research [42,47,63]. The mediatiogustainability practices with other HR initiatives or tailored
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employment terms to strengthen their effect on creatil@oaden its scope to multiple industries, IT sectors, and
performance. Managers need to establish organisationakious cultural settings beyond India to improve the
environments that support personalised agreememgsneral applicability of results. Studying further mediating
because tailored work arrangements enhance creatove moderating elements like organizational culture and
outcomes by synchronizing company goals with personpsychological empowerment alongside leadership styles
aspirations. Managers who utilize these insights cand personality traits will deepen our comprehension of
strategically refine human resource methods, enhancifagtors that shape employee creativity. Employing
employee innovation, which helps maintain competitivgualitative methods like in-depth interviews and case

positioning in India's fast-growing IT sector. studies may reveal more profound insights into the
mechanisms that drive these relationships. Researchers
6.2 Practical implications should examine how various individualized agreements,

IT organizations must build strong digital trainingsuch as flexible arrangements compared to developmental
systems and performance management platforms that off@es, affect creative outcomes differently. Focusing on
employees ongoing, instant feedback and personalizéwese research areas will enhance theoretical understanding
learning paths to advance their creative skillsand practical direction on the best use of HR strategies to
Organizations must adopt technology-based recruitme@ptimize organizational and innovative performance.
processes and flexible working options that provide
employees with autonomy and stimulate innovatiorRefer ences
Organizations need to employ idiosyncratic dealgl] AGRAWAL, A., GANS, J.S., GOLDFARB, A.
strategically to synchronize individual and organizational = Artificial intelligence: The ambiguous labor
objectives, which leads to better employee creativity and 1,5 ket impact of automating predictiofgurnal
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Abstract: The aim of this study is the practical determination of the proliferation rate of human stem cells in a biological
environment using laboratory methods. Stem cells are unique in their ability to self-renew and differentiate, which
distinguishes them from most differentiated cells, such as cardiac muscle cells, which cannot regenerate after injury. This
makes stem cells highly significant in the fields of regenerative medicine and experimental pharmacology. The study
utilized the MTT assay, a colorimetric technique that enables the visualization of cell viability through mitochondrial
activity. Viable cells reduce MTT into a formazan dye, measurable by a spectrophotometer. The experiments were
conducted using an inverted microscope and spectrophotometer in laboratory conditions. Based on data evaluation, we
assessed the proliferation activity and formulated conclusions about the mitotic behavior of stem cells under controlled
in vitro conditions. This method offers a useful approach for monitoring cellular responses to pharmacological treatments
and for supporting tissue regeneration research.

1 Introduction of viable cells, making the MTT assay an effective tool for

This article focuses on the practical assessment @¥sessing cell proliferation and cytotoxicity [2]. The MTT
human stem cell proliferation in a biological environmeri€st is a simple and effective method for quantifying cell
using the colorimetric MTT assay and standard laboratoWj@bility and proliferation. It measures the conversion of
equipment. The regeneration of tissues and cells is a R&Jllow tetrazolium to purple formazan in the mitochondria
topic in modern biomedical research, especially fo?f living cells. The resulting product is dissolved and
conditions involving irreversible cell damage, such as hedpalyzed by spectrophotometry, providing an indirect
attacks where lost cardiomyocytes cannot regenerdfeasure of live cell count and growth over time.
naturally [1]. The practical component was carried out under

Stem cells are unique due to their ability to self-renel@boratory conditions using accessible equipment,
and differentiate into various cell types—a property knowflemonstrating the MTT assay as a reliable tool in
as pluripotency—making them valuable tools irPiomedical research [1,3,4].
regenerative medicine and drug testing.

Proliferation, the process of increasing cell numbe  Stem cellsand cell proliferation
through mitosis, must be tightly regulated to maintain Stem cells are undifferentiated cells with the ability to
tissue balance and prevent disease. This article includgsf-renew and differentiate into various cell types. They
theoretical background on cell metabolism andre essential for embryonic development and tissue
proliferation, specifics of stem cell growth, and detaile@egeneration in adults. Mesenchymal stem cells (MSCs)
steps for conducting the MTT assay. can replicate continuously and specialize into multiple cell

Authors Niu at al. state that the MTT assay is based @ypes—a property called pluripotency.
the conversion of yellow MTT to purple formazan by Stem cells vary in their potency:
mitochondrial dehydrogenases in living cells, providing a - Totipotent: capable of generating all cell types
reliable method for quantifying cell viability. In the including embryonic and extraembryonic tissues.
theoretical background, they emphasize that the amount of - Multipotent: can produce several related cell types.
formazan produced is directly proportional to the number - Unipotent: limited to one specific cell type.

o
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Sources include: the bottom of the wells. To enable accurate

- Placental and amniotic fluid: high potential and fewespectrophotometric measurement, a solvent such as DMSO
ethical concerns. (dimethyl sulfoxide) was added the next day to dissolve the

- Umbilical cord blood: rich in hematopoietic andcrystals into a homogenous purple solution. The
mesenchymal stem cells. absorbance of this solution, directly proportional to cell

- Adult tissues: like bone marrow and fat, offeringhumber, was read using a spectrophotometer [7,9,10].

accessible research material.
3.2 Cdl culture procedure

Cell proliferation—the increase in cell number—is  Proper cell culture techniques are essential to ensure
crucial for tissue growth and healing but must be tightlgonsistent and reliable results in any biological assay. In
regulated. Disruptions in this process are linked to diseastis study, MSCs were maintained under sterile in vitro
like cancer. conditions using essential laboratory equipment such as

The MTT assay is a common method to assess cilminar flow cabinets, CO incubators, centrifuges,
viability and proliferation in vitro. It measures theinverted microscopes with imaging systems, and dry heat
reduction of the yellow MTT compound into purplesterilizers. The culture environment was carefully
formazan by metabolically active cells. Absorbance is reasntrolled to replicate physiological conditions, including
spectrophotometrically, indicating the number of viableemperature (37°C), humidity, and €@vels (5%) to
cells. Though simple and cost-effective, the methoghaintain pH via a bicarbonate buffering system.
depends on mitochondrial activity and may not reflect Cells were grown in a nutrient-rich culture medium

actual proliferation under all conditions [1,3,5,6]. composed of DMEM/F-12 mixed 1:1 with Alpha MEM,
supplemented with 5 mL of fetal bovine serum (FBS). This

3 Reaultsand discussion medium combination provided essential amino acids,

3.1 Stemcdl proliferation testing glucose, vitamins, and trace elements necessary for optimal

MTT assay is a colorimetric technique W|de|y used tgrowth and differentiatiqn. Sterlllty was _maintained at
assess cell viability by measuring mitochondrial activityevery step, and all materials were pre-sterilized or handled
which reflects the number of living cells. The assay religghder aseptic conditions. The medium was changed every
on the ability of active mitochondria in viable cells to2—3 days to replenish nutrients and remove waste products.
reduce the yellow tetrazolium salt MTT (3-(4,5- Additional steps involved preparing the working
dimethylthiazol-2-yl)-2,5-dipheny! tetrazolium bromide)environment in the laminar box with UV sterilization
into dark purple formazan crystals. Dead or damaged cdnefore initiating any cell handling. All instruments, such as
lack this capability, ~making the methodpipettes, Petri dishes, and media containers, were
a sensitive indicator of cell health and proliferation [7,8]. introduced into the sterile workspace without direct

In the experiment, the MTT substrate was introducegPntact. Before and after use, the workspace was cleaned
into 96-well microplates containing cultured cells. Théhoroughly. The cells were regularly observed under an
conversion of MTT to formazan was carried out overnightfverted microscope to monitor morphology, density, and
with the formazan product being insoluble and settling &°ntamination [11,12].

Figure 1 SCs on day 20 of cultivation
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3.3 Execution of the MTT assay

Figure 1 shows MSCs on the 20th day of cultivation at The absorbance was measured at a specific wavelength
each point, the yellow MTT reagent was added to the wellgsing a spectrophotometer. Positive control wells
and the cells were incubated for approximately 3 hours @@ntaining only live cells and blank wells with only media
37°C to allow sufficient conversion to purple formazan byvere included to ensure measurement accuracy. The
viable cells. After incubation, DMSO was added t@bsorbance readings from blank wells were subtracted
dissolve the formazan crystals, resulting in a unifornfrom sample readings to eliminate background noise and
colored solution suitable for quantification. On figure 2solate the true signal of cellular metabolic activity.
there is the conversion of MTT to formazan. Cell detachment was performed using trypsin,
a proteolytic enzyme that facilitates the removal of
adherent cells from culture vessel surfaces. The trypsinized
cells were centrifuged to form a pellet and resuspended in
fresh medium before being distributed evenly into wells.
Care was taken to ensure uniform volume across wells
(typically 100 pL) to prevent errors in optical readings. The
figure 3 shows the 96 — well plate after the addition of
DMSO. On figure 4 is shown the operation of trypsin.

Following the assay, the spectrophotometric data was
analyzed to assess cell growth dynamics. Higher
absorbance indicated increased proliferation. Table 1
shows the measured values, and it is clearly visible that the
viability in sample 1 was 87.78%, while in sample 2 it was
84.07%. This means that a higher number of live cells was
present in sample 1 [2,13-15].

o

Figure 2 Conversion of MTT to forman

Table 1 Measured averaged spectrophotometer values with resulting concentrations

1 2 3 4 |5|6|718/9]|10] 11 12
A sar2nplesample B | Control | .
B 0.15¢ 490
© 0.15: 490
D 0.15¢ 490
E 0,15: 490
F averag| 0,237 0,22 0,27( |49
G % | 87,7¢| 84,01 100% |49

The concentration was calculated by direct proportiol
according to the formula:

absorbance of sample — absorbance BLK

"~ absorbance of control — absorbance BLK
+100%

After placing the cells into a 96-well plate, tetrazoliun
is added to each well, and the plate is then incubated
three hours at 37°C. During this time, the mitochondria « b
viable cells convert the MTT substrate into purple
formazan. As a result of this activity and conversion, dar
purple crystals are formed. These dark purple crystals se:
at the bottom of the wells. Figure 5 shows straining wiﬂ'_-}-"
tetrazolium. i
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Figure 5 Formed crystals of purple formazan

4 Conclusion The main contribution of this work lies in the practical

This article focuses on evaluating the proliferation ofalidation of the methodology using accessible lab
human mesenchymal stem cells using the colorimeti@luipment and its successful application for tracking cell
MTT assay. This method quantifies cell viability based ofirowth. Limitations of the method were identified—
metabolic activity and serves as an indirect indicator g¥imarily its dependence on mitochondrial activity, which
proliferation under laboratory conditions. may not always reflect true proliferation. Therefore,

In the practical part, cells were cultured over severgPmplementary techniques such as BrdU incorporation,
days, and their activity was assessed by measuriki67 staining, or flow cytometry are recommended for
absorbance via spectrophotometry. The results confihmore complete view of the cell cycle.
that the MTT assay is suitable for monitoring cell growth Future research could explore other stem cell types,
invitro. This experimental approach also allowsheir behavior under different culture conditions, and their
observation of environmental effects on proliferation antgsponse to growth factors or drugs. These studies could

can be applied to assess the cytotoxicity of testdtelp optimize culture protocols and support the
substances. development of effective regenerative medicine strategies.
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The MTT assay, despite being simple and cost- Spring Harbor ProtocolsyVol. 2018, No. 6, pp. 469-
effective, has limitations, such as dependence on 471, 2018. https://doi.org/10.1101/pdb.prot095505
mitochondrial activity, which may not always represenf9] RISS, T.L., MORAVEC, R.A., NILES, AL,
true proliferation. Therefore, it is recommended to DUELLMAN, S., BENINK, H.A., WORZELLA, T.J.,
combine it with complementary assays like BrdU MINOR, L.: Cell Viability Assays 2013 May 1
incorporation, Ki-67 staining, or flow cytometry for [Updated 2016 Jul 1], In: Markossian S, Grossman A,
a comprehensive understanding of the cell cycle and Baskir H, et al., editors. Assay Guidance Manual

viability. [Internet], Bethesda (MD): Eli Lilly & Company and
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Abstract: The primary goal of this paper is to develop a methodology for optimizing the forecasting process of traffic
accident occurrence. Traffic accidents remain a critical societal and economic issue, and existing forecasting approaches
often fall short when applied to complex, variable, or incomplete datasets. To address this challenge, the paper proposes
a structured multi-criteria optimization framework grounded in formal decision theory. The core of the methodology lies

in formulating a multi-objective optimization problem (ZO) that includes sets of admissible solutions, vector-valued
objective functions, and dominance relations. The proposed model enables both quantitative and qualitative evaluation
criteria to be integrated into the forecasting process. The study details an algorithm that identifies dominant, non-
dominated, and compromise solutions, using normalization techniques and distance measures to support solution
selection. A case study demonstrates the model’s ability to determine optimal forecasting solutions based on multiple
conflicting criteria. The approach is characterized by flexibility and generalizability, allowing its application in diverse
scenarios involving accident prediction. The results confirm that the proposed method improves both the transparency
and robustness of traffic accident forecasting. This methodology may support decision-makers and analysts in the
development of effective, data-driven strategies for road safety planning and accident prevention.

1 Introduction demographics (including age and gender), road surface

Road traffic accidents represent a significant societgPnditions, lighting, pedestrian behavior, accident location,
challenge faced by all nations. Their occurrence iehicle type, speed, and adverse weather—play a critical
influenced by numerous factors, including weatheiole in determining the severity of pedestrian injuries [4,5].
conditions, driver intoxication, vehicle speed, and other0or lighting, particularly at crosswalks, and unfavorable
According to data from the World Health Organization [1]Weather conditions are frequently associated with more
road crashes claim the lives of over 1.35 million peopl@€erious outcomes [6-8]. However, the impact of weather
annually, with many more sustaining serious injuries ari@ries by region. For instance, one study [9] reported
long-term health complications. These incidents als@inimal influence of weather on accident frequency. A
contribute to substantial economic losses. Although recetfmparable line of inquiry can be found in [10], where the
years have seen a downward trend in accident numberguthors proposed a model linking accident probability with
primarily attributed to the reduced mobility during thedriving time and real-time weather data. The correlation
COVID-19 pandemic—the figures remain alarmingly higetween weather and traffic .aCC|dents has also been the
(Figure 1). On average, 62 traffic accidents occur each d&g¢us of numerous other studies [11-23]. _
resulting in approximately 6 fatalities and 72 injuries. Such Beyond environmental conditions, traffic density and
events lead to increased healthcare expenditures, damBggan factors—such as drivers' reaction times to dynamic
to vehicles and road infrastructure, and environmenti?ad situations—also contribute to increased accident rates

harm, including fuel and fluid leaks. In response, variod24,25]. Brodsky and Hakkert [26] similarly observed that
strategies have been implemented to minimize rodain could double accident risk, while Danish data revealed
accidents. These include analyzing the factors contributiféply @ modest 10% increase. Conversely, Fridstrgm et al.
to accident occurrence and applying forecasting models@@ncluded that rainfall had no discernible impact in
predict future trends [2,3]. Norway and Sweden. Interestingly, Polish statistics

Research conducted by Zhai et al. [4] and Holland et g49gest that the majority of road accidents occur during
[5] has demonstrated that pedestrians are among the nfdégr weather. Furthermore, elevated temperatures and
vulnerable groups in traffic accidents due to the lack dfvorable weather conditions are also associated with
physical protection compared to vehicle occupant§igher accident frequencies [3,25,27]. .
Moreover, injuries sustained by pedestrians tend to be Given these findings, there is a clear rationale for
more severe. Their studies also indicated that numerdigveloping a multi-criteria optimization model to support
factors—such as alcohol consumption, driver
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a robust methodology for forecasting the number of road
traffic accidents.
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Figure 1 Number of road accidents in Poland between 1990 and 2021 [3]
2 The optimization model of possible solutions A is not empty, a certain subset X can

When defining an optimization problem, it is oftenbe selected (the set of acceptable solutions), whereby (3):
challenging to express solution quality using a single scalar
objective functiorF. This difficulty arises because the set Z=F(X)={F( OB[xOX} 3)
of feasible solutionsX typically exhibits multiple
attributes, each of which may contribute differently to the After determining the sé¢, the mapping functiok and
overall assessment of solution quality.Thus, it is necessdhge dominance relatio®, the optimization task (ZO) is
in this case to formulate an Optimization Task (ZO) witfiormulated in the form (4):
multiple (e.g., N) quality indicators in the form of a
criterion function F [28] (2): Z20=(X,F, ®) 4)

where:
F: X RV (@D)] X ={ Xg,...Xn } — set of possible solutions;
F — criterion function for selecting possible
This function assigns to each admissible solutidX  solutions (5f: X = RN

its numerical rating in the form of a vector (2):
F (X)) = (fi(X), f2(X), ),---. Fa(X),.., Tn(X)) (5)

F() = Fa(x),.... Fo(X),.... Fn(x)) OR" )

where: When considering ZO fdR 2 (6):
N = {1,..., i,..., n} - collection of quality indicator

numbers, F (X) = (f«X), f2(X) ) (6)
Fn (X) - the value of n - this quality indicator (n - this

criterion function for the solution(XX). Where the partial function$i(X), f2(X) can have the

preference structure of the dominance relattarMAX or
The formulation of the optimal solution problem is theMIN, respectively;

as follows. Denoting: Where the dominance relatighhas a preference of MAX
a) A -—solution space; (7):
b) B - solution evaluation space;
c) F:A= B - criterion function, assigning to each ®={(c,Cp ...,Cn, ...,n)ICXC:

solution X[ A its grade Z B and assuming that the set clzetOc?2c?} (7)
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where:
C - The image of the set X at the mapping F, Then determine the setsXf i X;? (19), (20):
C1, C - points of spac€ (8):
Xt ={x" 0 X1 : g (X) = maxg (X)} (19)

C=F(X)={(fi (¥, fi2(x)) OR2:xOX} (8) x 0 Xy
X2 ={x" 0 X1 :1j (X') = maxr; (x)} (20)
Where the dominance relationshithas a MIN preference x 0%,
(9): and the set of dominant solutions as the product of the sets

of X i Xi* (21):
¢={(dl’d2)|]DXD:dllSleidlZSdzz} (9)

XDq:l = Xll n Xlz (21)
where:
D - The image of the set X at the mapping F, If the setXp®! is empty, the set of non-dominated
dy, d2 - points of spac® (10): solutionsXy®* and the set of compromise solutiod*are

) determined.
D=FX)={(h, ¥, 2(x)) UR*:xTX} (10) According to the remarks made above, the maximum
value of the function (19) and the maximum value of the

Based on the above, a method of solving a multi-criterfanction (20) determine the coordinates of the ideal point
optimization task is presented. Let the optimization task ef = (", ¢,") (22):

determining possible solutions be (11):

¢ =maxg (X); ¢ =maxr (X) (22)
(X1, F1, ®1) (11) X0 Xa xO Xq
where: From the adopted form of the criterion functibn=

X, - the set of admissible solutions defined as (12, , f; ;} it follows that for c* the maximum value & is
demanded and the maximum valug;d§ demanded.
X1 = {X1,1, X1,2, X1.3, X1,4} (12) In further considerations, the normalized index of the

quality of the solution of the task (5,6) will be used, which
F1 - quality indicator defined as (1B) : Xs = R®  is proposed to be (23):

Fu'(¥) = {fLr' (), fu2 ()} (23)
Where (24):
F1 (X)) = (fr.2 (%), fr.2 (X)) (13) * f, (%) * f, (X)
. . S fli(X) = L2 (X)) = (24)
@, - Dominance relationship with preference, e.g. MAX, C C
MAX. whereby (25):
To determine the set of dominant solutio®$® of the
optimization task, find the product of the following s¢ts c™ = maxfy,i(x), ¢ = maxfy »(X) (25)
andXy? (14), (15): X0 Xa X0 X4
Xot = {x" 0 X @ f1(X) = maxfy,i(x)} (14) The advantage of this method of normalization is that
x O Xy the ratio is preserved after normalization. The highest value
X% = {X' 0 X1 : f12(X") = maxfy2(x)} (15) of the ratio is 1, and the lowest is greater than or equal to
x O X1 0. The normalized ideal point then has coordinates (26):
Where the quantitie§ 1(x), fia(x), are defined by
appropriate relations, e.g. as (16): ¢’ =", c2") (26)
fLa0) =g (X) i frAX) =1;(X) (16) Due to the form of the set of admissible solutidas
(discreteness) for determining the set of its non-dominated
Therefore, two tasks need to be solved: solutionsXy®* and compromise solutio®?, a method is
a) maximize function (17): proposed to determine the approximate result (and
therefore the solution) of the compromise for the norm
fiax) =g (), x O Xy;j =1,..n (17) [0, which is a measure of the distance of the resulf$ c*
C* from the ideal point c** [29].
b) maximize function (18): Let c** denote the ideal point determined by relation
(29) and C* the known set of normalized results (27):
fioX) =ri(x),x0Xy;j =1,...n (18)
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C={c}i=1,.n (27)

c2
wherec' = (c1"', ¢2'), whereby (28): r
iz 8 iz G 28) C2 -1 c
Clmax szax c r2

In order to determine the compromise results, it i c?
proposed to calculate the value of fhe] standard with . rs/ Ia
the parameter p = 2 (29): c )

c°=c?2 = X1°=X12
. “
= -t = o riy2 Y c c4e
=0 -c = (¢ -6 )P+ (S - ¢ )? (29) T

Figure 2 Graphical interpretation of the solution to the

and selecting such a resdt(30), which would minimize optimization task [28]

the calculated values ofnorms. e.gx:° =x1 3

Based on the aforementioned insights, the following
section outlines an algorithm that supports the proposed

An interpretation of the above method is shown igmrgt;heosioég?gufggf timizing the traffic accident forecasting

Figure 2.

x1° = =minr; (30)

Start
1. The size of x
the random Input data:
sample data ' - lwd for the set of X; factors
affecting lwd
2. Random
events _ !

identify a set of factors affecting hwd

L 4

Determination of F, criteria and dominance
relationship &,

y

Solve ZO, by determining the average distance [,

Multi-element optimal set
of x," factors affecting hwd
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1 2
L 4 ¥
Input data:
Inputs: Lwd for a set of
Iwd for a set of factors X, combinations of x;” factors
affecting lwd

. 4 . ¥

Definition of a set of methods for forecasting the

£t 1 Jian
pefining a set of methods forecasting /wd niirnber of tralfic Secideats

L Y

Determination of F; criteria and dominance Determination of F, criteria and dominance
relations & relations &
Yy : ’ ] y
Solve ZO: by determining the average distance r, Solve 20, by determining the minimum distance
r- -3
y L4

Optimal X" forecasting
method for combinations of
factors affecting hwd

Optimal forecasting method
x,” for a set of factors X;

2 Stop

Figure 3 Schematic diagram of the methodology for optimizing the process of forecasting the number of road accidents

3 Conclusion The main advantage of the proposed methodology lies
This study presents a methodological framework fdn its universality and scalability. It can be adapted to
optimizing the forecasting of road traffic accidents using @arious forecasting challenges where both numerical and
multi-criteria decision-making approach. The complexitgategorical indicators are relevant. Furthermore, the
of the problem, stemming from the multifactorial nature gbresented optimization framework provides a structured
road accidents and the limited quality of available datdasis for supporting data-driven decisions in traffic safety
necessitates a solution that can incorporate bothanagement.
quantitative and qualitative criteria. The proposed model Future research may extend this approach to real-time
formulates the forecasting process as a multi-objectiviata environments, include dynamic factors (e.g., weather
optimization task, introducing sets of admissible solutionsy traffic flow), and integrate machine learning techniques
partial objective functions, and dominance relations. to enhance predictive accuracy and operational efficiency.
The developed algorithm enables the identification of
dominant, non-dominated, and compromise solutiorRefer ences

through normalization and distance-based evaluatiop) WHO, Global status report on road safety 2020,
ensuring the adaptability of the method to varying data Geneva: World Health Organization, Annual report,
structures and decision-making preferences. The flexibility [Online], Available: https://www.who.int/violence_inj

of the approach allows it to be applied in different contexts yry prevention/road_safety_status/report/en/
and with diverse sets of forecasting indicators. [18 May 2025], 2020. -
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Abstract: 4D printing represents a groundbreaking technology that extends the possibilities of 3D printing by adding a
dynamic dimension—time. By using smart materials capable of changing their shape or properties in response to external
stimuli such as temperature, humidity, or pH, new horizons are opening, especially in the field of medicine. This article
presents the basic principles of 4D printing, explains the nature of functional materials and mechanisms that enable
programmable behaviour, and focuses on specific applications in the medical context. The most promising areas include
implants that can adapt to anatomical changes, targeted drug delivery systems, bioprinting of tissues and organs, and
novel types of rehabilitation devices. The article also discusses the benefits of this technology, such as reduced
invasiveness of medical procedures, improved functionality of medical devices, and enhanced treatment personalization.
At the same time, it reflects on the challenges associated with 4D printing development—from material selection and
technical or regulatory limitations to the need for interdisciplinary collaboration. The goal of this paper is to present the
current state of knowledge in this field, identify its potential and limitations, and support further research and clinical
validation of 4D technologies in medicine.

1 Introduction their shape or properties in response to external stimuli

In recent decades, 3D printing has undergone rapi#fch as variations in pH, temperature, pressure, or
development, significantly influencing various industriahumidity. While building upon the principles of 3D
sectors. Whether in aerospace, mechanical engineeriRgnting, 4D printing expands additive manufacturing into
robotics, biomedicine, or healthcare, 3D printing hag dynamic dimension.
established a prominent position across all these fields, By incorporating time as the fourth dimension, 4D
Linked with CAD and CAM platforms, this technologyPrinting enables materials and structures to adapt their
facilitates the development of sophisticated geometries agilometry, mechanical properties, or functions dynamically
components that are beyond the practical limits di]- This transformation is made possible through the use
conventional fabrication techniques. By graduallyfsmart materials specifically designed and “"programmed"
depositing material layer by layer, highly detailed anéP respond to environmental conditions.
customized components can be fabricated.

In medicine and biomedicine, 3D printing has brough? ~ Principle of 4D printing
about groundbreaking innovations, particularly in the areas 4D printing extends traditional 3D printing by
of implants, targeted drug delivery systems, tissuatroducing the ability to program time-dependent
engineering, and regenerative medicine. transformations of objects in response to external stimuli.

Technological progress has naturally paved the way férom a technological perspective, 4D printing requires
further innovation. As a result, 3D printing has become thgrecise control over geometry, fiber orientation, and
foundation for a new concept—4D printing. This approacimternal stress distribution to achieve the desired shape or
involves the production of structures capable of changirfgnction upon activation. For instance, a polymer implant
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with shape memory properties can unfold into its targgtresents the most relevant techniques suitable for 4D
configuration at body temperature without requiringpplications, along with their characteristics and example
mechanical expansion [2]. uses.

21 Key factors and principles affecting 4D Fused Deposition M odeling - FDM

printing FDM is a widely used technique in which thermoplastic
The successful implementation of 4D printing relies ofaterial is extruded through a nozzle and deposited layer
five key components: by layer along the X, Y, and Z axes to form a 3D (or 4D)

1. Additive Manufacturing (AM) process — enables thébject. It is popular due to its low cost, simplicity, and
direct production of structures from digital modeldlexibility for developing new materials.
without intermediate tooling. Technologies used Tian etal. [4] developed an FDM approach for carbon
include SLA (stereolithography), SLS (selective lasefiber-reinforced composites (CFRTC), enabling the
sintering), FDM (fused deposition modeling), 3DFfabrication of mechanically robust structures. Bodaghi et
(three-dimensional printing), SLM (selective lasegl- [83] demonstrated the use of FDM for shape memory
melting), DIW (direct ink writing), and EBM (electron materials (SMEs). Current research focuses on improving
beam melting). FDM'’s efficiency with novel smart materials.

2. Material selection — materials must be compatible with
the AM process and capable of responding to external Stereolithography - SLA
stimuli. These so-called smart or programmable SLA uses photopolymers that solidify upon exposure to
materials determine the type and nature of thHéght (typically UV or visible). The light initiates a
transformation. chemical reaction leading to resin cross-linking and the

3. External stimuli — can be physical (temperaturdormation of solid structures.
humidity, light, magnetic fields), chemical (pH, redox This method allows for the precise fabrication of
agents), or biological (enzymes, glucose), and initiagomplex geometries, and research is ongoing to expand the
structural changes. range of compatible materials.

4. Interaction mechanism between the material and the Notably, the first demonstration of 4D printing was
stimulus — ensures proper stimulus transmission a@ghieved using SLS technology with UV light on a
sequence of transformation. Stratasys Connex printer [5].

5. System behaviour modelling — allows for prediction of

timing and transformation dynamics, often using Selectivelaser Sntering-SLS
numerical simulations [1]. SLS employs a laser to selectively fuse powdered

material in  successive layers. This technique

The integration of these components enables t@ecommodates a broad spectrum of substances, such as
creation of 4D-printed structures that actively change ovif@xes, metals, ceramics, and polymers including PU, PCL,
time in response to specific stimuli. PEEK, and polyamide [6-8].

F. Momeni and J. Ni defined three fundamental laws
that describe shape transformation mechanisms in multi- Selective Laser Melting - SLM
material 4D-printed structures [3]: SLM is similar to SLS, but the powder is completely

First law: Shape transformation (e.g., bendingnelted, resulting in a homogeneous structure with no post-
twisting, coiling) occurs due to differential strain betweegintering required. The laser beam’s speed and intensity
active and passive materials. can be tailored to the material, making SLM particularly

Second law: Four fundamental phenomena account f@itable for metal printing [9].
the observed strain: mass diffusion, thermal expansion, o
molecular transformations, and organic growth. These are Directed Energy Deposition - DED
activated by external factors including temperature, light, DED is designed for metal part fabrication. Material in
pH variation, or mechanical loading. the form of powder or wire is melted at the point of

Third law: Transformations exhibit time-dependengleposition using a thermal source, typically a laser or
behavior governed by two time constants, which vary witglectron beam. It is also applicable for printing shape
the material and stimulus type. A biexponentiamemory structures [10-12].
mathematical model has been proposed to simulate these
transformations during the design of 4D structures [3]. InkJet printing

Inkjet printing uses tiny droplets of material deposited

2.2 Overview of 3D printing techniques suitable layer by layer. It is employed in the fabrication of low-cost
for 4D printing electronics and wearable devices (e.g., sensors, displays)

Various 3D printing technologies can be employed fdfn POlymer substrates such as PET and PEN [13,14], as

4D printing, differing in their working principles, material well as in bioprinting of cells and tissues [15].
compatibility, and resolution. The following overview
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Direct Ink Writing - DIW These materials exhibit complex functions such as self-

DIW is similar to FDM but supports a wider range ofassembly, self-healing, shape memory, or self-regulation
materials, including thermoplastics, hydrogels, and sol-ggl8]. In addition to morphological changes, 4D printing
inks. It is particularly suitable for soft and bioactivealso enables changes in optical properties, such as colour,
systems. when exposed to UV or visible light.

Projection Micro-Ster eolithogr aphy - PuSL 2.3.1 Classfication of smart materialsused in 4D

PuSL and DIW are advanced techniques used primarifyrinting
in biomedical 4D printing applications, offering high The materials used in 4D printing are referred to as
precision and compatibility with sensitive materials asmart because they are capable of dynamically altering

micrometer resolution. their properties in response to external stimuli. These
materials are also called stimuli-responsive and can react
2.3 Materials to triggers such as temperature, light, electric or magnetic

From a materials perspective, 4D printing utilizedields, humidity, pH, chemical substances, or biological
stimuli-responsive polymers (e.g., SMPs), hydrogels, dactors. The result of such a reaction may include changes
shape memory alloys (e.g., nitinol), whereas 3D printin) shape, volume, colour, stiffness, or other mechanical
primarily relies on thermoplastics, photopolymers, metalgroperties.
or ceramics. Material selection is crucial to ensure the The following figure (Figure 1) schematically
desired functionality of the object during activation [16]. illustrates the classification of smart materials according to

The materials used in 4D printing are known as smahe type of external stimulus and the material’s response.
materials due to their ability to dynamically change theiFhis overview provides a better understanding of what
properties over time in response to external stimuli [17[naterials may be suitable for 4D printing depending on the

desired functionality.

Shape changes (SMP,

Temperature hydrogels)

Color/shape change
(photoreactive polymers)

Light

Change in

pH volume(hydrogels)

(%]
©
=
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+—
©
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4+
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Shape, movement changes

Electic field (electroactive polymers)

Stucture, position change

Magnetic field (magnetically responsive
composites)

Figure 1 Intelligent materials and their stimuli reactions

From the perspective of responsiveness, smarhplants that adapt to the target anatomical site after
materials used in 4D printing are most commonly dividetinplantation.
into two main categories:

2. Shape-changing materials

1. Shape-memory materials- SMM These materials change their shape or physical

These materials have the ability to "remember" theproperties during the presence of a stimulus, but do not
original shape and return to it after being exposed toraturn to their original state once the stimulus is removed.
specific stimulus (e.g., heat or light). They enable th&ypical representatives include hydrogels, electroactive
creation of temporarily deformed structures that latgrolymers, or magnetically responsive composites. They
reconstruct into the desired form. They are used, fare primarily applied in controlled drug delivery systems,
example, in the development of biodegradable scaffolds swft robotics, or the design of adaptive tissue structures.
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of external stimulus they respond to, their response Hybrid materials combine different

Table below (Table 1) provides a classification of smaltack automatically, which is useful in drug delivery
materials commonly used in 4D printing, based on the typgstems, soft robotics, and actuators.

responsive

behaviour, and typical applications. The materials ateehaviors, such as changes in stiffness or volume, offering
divided into categories such as shape-memory, shapelvanced applications like photothermal therapy or

changing, hybrid, and adaptive materials, each exhibitirnvironmental control.
unique functionalities that enable dynamic changes in Adaptive materials such as bioinks
shape, mechanical properties, or biological activity.

respond to
biochemical signals to facilitate tissue formation, playing a

Shape-memory materials (e.g., SMPs and nitinol) caiital role in regenerative medicine and bioprinting.

recover their original shape upon exposure to specific This classification highlights the versatility of smart
stimuli like heat or light, making them suitable for medicamaterials and their potential to revolutionize personalized
implants, scaffolds, and minimally invasive surgical toolsmedicine, biomedical devices, and responsive structures
Shape-changing materials respond by altering shapetbrough 4D printing technology.
properties temporarily during stimulation but do not revert

Table 1 Classification of smart materials used in 4D printing based on their stimulus type, response behavior, category, and typical

within biomedical engineering. Such materials allow for

applications
Material Typt Stimulu Response Tyj Categor Typical Applicatior
SMP (Shape-memory Return to Scaffolds, stents, surgical
polymer Heat, ligh | original shap | Shap-memon implants
Nitinol (alloy) Shape-memory Orthopedics, minimally
Hea Shape recove (metal invasive tool
Hydrogel pH, Swelling, Tissue engineering, drug
temperatur shrinking Shap+changin delivery
Electroactive polymer Contraction,
Electric fielc bending Shap+changin Actuators, biosensc
Magnetic composite Bending, Soft robotic structures,
Magnetic fiel( deformatior | Shap~changin targeted theraj
Thermoresponsive polym Change in
stiffness, Photothermal therapy,
Temperatur volume Hybrid environmental regulatic
Bioink Biochemical
cues, growth| Formation of Regenerative medicine, 3D
factore functional tissu Adaptive bioprintinc

The development of smart materials that react 0 Hybrid materials — combining advantages of natural
external stimuli constitutes a crucial element of 4D printing and synthetic components, such as bioactivity and

the fabrication of dynamic constructs capable of altering
their geometry or properties in response to environmental The choice of material depends on the specific

conditions. Their application in 4D printing paves the wagpplication

requirements,

mechanical strength.

such as biocompatibility,

for innovative healthcare approaches, particularly in thgegradation profile, mechanical demands, or target tissue.

field of personalized and adaptive therapies.

2.3.2 Typology of used materials

Materials used in 4D printing can be divided into four

basic groups:

biodegradability.
Bio-based materials

(e.g.,

natural

supporting tissue regeneration.

strength and precise property control.

Research continues to develop new or optimized materials
that expand the possibilities of 4D printing in biomedicine.

Shape-memory Polymers- SMP

Shape-memory polymers represent one of the most
Biological materials (derived from plants or traditional widely applied smart materials in 4D printing. They are
medicines) — offering natural biocompatibility andcapable of reverting from a deformed configuration back
to their original form when exposed to specific stimuli,
polymers, such as heat or light [19]. This feature allows for the
hydrogels) — mimicking the extracellular matrix andabrication of constructs that can adapt automatically to
patient anatomy after implantation. For instance, an SMP-
Synthetic materials (e.g., thermoplastics, shape-based scaffold may reconfigure at body temperature to
memory polymers — SMP) — providing high mechaniceiccurately fit the tracheal structure, thereby improving

surgical outcomes [20].
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Hydrogels that dynamically change during tissue healing. These
Hydrogels are another important type of smarfieatures enhance therapeutic efficacy, shorten treatment
materials used in 4D printing. They are polymer networkduration, and minimize the number of surgical
that respond to changes in temperature or pH by swellingerventions [28].
or shrinking [21,22]. They are primarily used in tissue
engineering and controlled drug delivery systems. F@1 Biomedical implants and prostheses
instance, a hydrogel system can release drugs in a4D printing technology introduces significant
controlled manner at a specific temperature, improvingnovations in implantology and prosthetics through

treatment accuracy [23]. structures capable of actively responding to conditions
_ inside the patient's body. Unlike traditional implants,
Thermoresponsive polymers which are rigid and static, 4D printed implants can

These polymers change their physical propertieg/namically adapt. Their shape, stiffness, or mechanical
(shape, stiffness, volume) depending on temperatufsroperties change in response to stimuli such as
Wang et al. [24] developed a system based on duamperature, pH, or pressure. This improves their ability to
thermoresponsive polymers with different phase transitiatonform to the patient's anatomy and the dynamic
temperatures, allowing precise control of thermal responssavironment within the organism [29,30].

Using 4D printing, it is possible to create structures with  An example of such an adaptive solution is the use of
tunable properties that undergo changes when exposedigdegradable shape-memory scaffolds for bone defect
thermal stimuli such as laser irradiation. This technologyepair. This approach allows precise individual
shows great promise for enhancing the safety and efficagystomization while ensuring gradual biological
of photothermal therapy. integration at the defect site, consistent with core principles
of 4D printing like shape memory, biodegradation, and

Electr oactiveand magnetically responsive materials  osteoinduction.

Materials responsive to electric or magnetic fields, such
as electroactive polymers and magnetically responsigel.1  Self-forming and adaptive implants
composites, are promising for the development of One of the promising applications of 4D printing in
advanced medical devices. They can change their shapéneplantology involves self-forming and adaptive implants
mechanical properties and are used in soft robotinat adjust to the target environment within the human
prosthetics, dynamic implants, or targeted drug deliveiyody after implantation. Their development relies on smart
systems [21,25]. For example, Zhao et al. [25] designechsaterials such as shape-memory polymers (SMPs) and
tracheal scaffold that responds to a magnetic field Bytimulus-responsive hydrogels, which alter their shape or
combining magnetic particles with shape-memorynechanical properties in response to specific physiological
composites, enabling real-time controllable adaptability. triggers like temperature, humidity, or pH [31].

A typical example includes 4D printed stents designed

Bioinks to expand at body temperature (37°C) once placed inside a

Bioinks — biocompatible materials often containing/essel, restoring blood flow in a narrowed section [28].
living cells — play a crucial role in biomedical engineeringSome stents are made from biodegradable polymers and
Their use in 4D printing enables the creation of structurggadually degrade after fulfilling their function,
that develop over time into functional tissues. For exampleliminating the need for surgical removal. Others use
a skeletal muscle model produced using electricalshape-memory metal alloys like nitinol, which, although
aligned bioink demonstrated potential in regeneratiieon-degradable, provide superelasticity for safe and

medicine [26]. reliable deployment (Figure 2).
. . In orthopedics, implants capable of altering stiffness
2.3.3 Rheological propertiesof polymers based on mechanical load are being explored, allowing

In polymer-based additive manufacturing, rheologicadetter adaptation to bone biomechanics. Such implants can
properties significantly affect the quality and accuracy dignificantly improve healing, reduce stress shielding, and
4D printing [27]. Parameters such as viscosity, shegsromote integration with living tissue [32].
thinning behaviour, and thixotropy influence material Clinically, these solutions hold potential to reduce
flow, extrusion capability, and shape fidelity. Optimizingsurgical invasiveness, improve patient comfort, and
these properties is essential for successfully producieghance long-term implant functionality.
complex and delicate biomedical constructs. Despite these benefits, challenges remain regarding precise

control of biodegradation timing and long-term
3 Applicationsof 4D printingin medicine biocompatibility of materials such as nitinol, which may

In the context of medicine, 4D printing bringscause microinflammatory reactions if not adequately
groundbreaking possibilities: implants that activate withimanaged.
the body, drug carriers with targeted release, or scaffolds

o
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Figure 2 Self-expanding stent made of shape memory polymer (SMP) [33]

3.1.2 Regenerative medicine molecules, they serve as bioinks that support cell growth
Beyond orthopedic and vascular implants, 4D printingnd differentiation [37].

finds application in regenerative medicine by creating 4D bioprinted scaffolds can adapt over time by

supportive scaffolds intended for tissue repair. Stimuladjusting porosity, elasticity, or releasing growth factors

responsive hydrogels play a crucial role; these materiddased on the regeneration stage. They are being tested in

can modify their architecture, porosity, or mechanicahe treatment of cartilage, skin, peripheral nerve, and

properties after implantation according to the healinmuscle tissue injuries [38].

process [34]. Promising outcomes have also been achieved with
These so-called programmable scaffolds mimic theioprinted heart valves and atrtificial vessels that adjust

natural extracellular matrix and actively adapt throughowatasticity or diameter in response to blood flow and

regeneration. During the initial inflammatory phase, thegressure, improving long-term implant performance and

remain soft and permeable to nutrients, while lateeducing failure risks [39].

stiffening to stabilize newly formed tissue [35]. By combining biocompatibility, adaptability, and
They are utilized in treatments of skin defects, burnspatial precision, 4D bioprinting is a key tool in developing

cartilage damage, and peripheral nerve injuries [36]. Somersonalized, functional, and time-responsive tissue

hydrogel structures are enriched with growth factors eeplacements.

patient-derived cells to enhance biological effectiveness.

Multi-layered scaffolds combining different cell types 013.2.1 4D printing of biological structuresand

bioactive substances depending on injury depth are also organs

under experimental investigation [1]. L . :
The primary advantage of 4D printing in regenerative 4D .b|opr|nt|_ng represents a major advancement n

medicine lies in scaffolds with temporally dynamicproduqng fL_mctlonaI biological structures that.cha.nge their

behavior—the structure evolves alongside regeneratifgOPerties in response to physiological stimuli. These

tissue, providing optimal support at each healing phasg@nstructs are typically made from hydrogels combined

This functional adaptability sets them apart from passivéth living cells and can respond to changes in

3D scaffolds, which remain static post-implantationtemperature, pH, or mechanical stress (

Given the rapid advances in biomaterials and bioprinting

technologies, intelligent scaffolds are expected to play a

key role in personalized regenerative medicine soon. While

some hydrogel scaffolds for skin lesions have passed early

clinical trials, most multi-layered and bioactivated

constructs remain in preclinical stages.

3.2 Tissueengineering and bioprinting

4D printing technology significantly enhances the
potential of tissue engineering by enabling the creation of
biological structures with dynamic behavior. Using smart
biomaterials, it is possible to fabricate scaffolds that
actively respond to stimuli such as temperature, pH, or
mechanical stress after implantation [1,35].

A key component of these dynamic systems is shear-
thinning hydrogels—materials whose viscosity decreases
under mechanical load, allowing easy extrusion during
bioprinting. Once printed, they stabilize into well-defined
structures. When combined with cells or bioactive

o
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« artificial vessels adapting their diameter to blood
pressure,
e multilayered tissues (e.g., liver or pancreas) with
. diverse cell types and vascularization [1].
Figure 3). b i

. . Although still in experimental and preclinical stages,
The goal goes beyond anatomical repllcatlon—4lp ugn Stit In expen precin g

bioprinted fold desianed t - t %esults show strong clinical potential. Personalization
loprinted - scaffolds are designed 1o mimic na ur’gsed on patient-specific data reduces the risk of rejection.

S_rf?cess_es. I'kzg reTrEodelmg, anglogenesis, a’.‘d CH) the future, 4D bioprinting is expected to enable
ifferentiation [39]. They support tissue regeneration andl | wional tissue and partial organ implants that

maintain mechanical stability during healing. Curre”aynamically adapt to the body's needs. Advances in

research focuses on: . - vascularization and tissue integration point to realistic
* heart valves that adjust elasticity based on blood floy; i applications in the coming decades

Bioprinter Tissue-specific bininks 3D Rinprinted implant Priming /
for ostenchondral TE Standard maturation

= _ Cartilage
:l:"ﬂ s B bioink
I . \e. 3
] e =
| ﬁ'l I

= - < 1- AL

3D printing

Stimuli applicalion Self-reconfiguring Functional tissue

'S

b
S — . * * .,
|.

4D bioprinting
Figure 3 4D bioprinting process for osteochondral tissue engineering

3.22 Peripheral nerveregeneration These structures can incorporate conductive materials
Peripheral nerve regeneration poses a major challen¢e,g., MXenes, carbon nanotubes) to enable electrical
especially in large defects where traditional autografts stimulation of axons, enhancing regeneration [36]. A 2021
static conduits are insufficient. 4D printing enables thstudy demonstrated that a biodegradable, self-expanding
development of intelligent nerve guidance conduit4D-printed conduit with enhanced conductivity improved
(NGCs) that actively adapt to surrounding tissue aftéroth axonal regeneration and motor function in a
implantation—changing shape at body temperature preclinical model (Figure 4). While still in the
responding to humidity and pH, thereby improving contaexperimental phase, this approach shows great promise for
with the nerve stump without manual adjustment [34,36]personalized, minimally invasive, and functionally active
treatments for peripheral nerve injuries [40].
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Figure 4 4D-printed nerve guidance conduit that self-closes after implantation, adapts to surrounding tissue, and supports
peripheral nerve regeneration

3.3  Personalized medicine and pharmacy Stimuli-Responsive Drug Carriers

Personalized medicine focuses on tailoring diagnostics The most advanced systems are stimuli-responsive
and therapy to an individual's genetic, biological, an@arriers that release drugs in response to triggers like pH,
lifestyle characteristics. In this context, 4D printing is &nzymes, light, magnetic fields, or ultrasound. These are
crucial tool for designing smart drug carriers and medicleing developed mainly for targeted cancer therapy,
devices that respond to specific in vivo conditionsaiming to maximize drug concentration at the tumor site
Using 4D printing, drug delivery systems can be designaehile sparing healthy tissue [42].
to release medications at precise times and locations, Designing such systems requires precise control over
improving efficacy and reducing side effects. Smaimaterial properties and drug distribution. 4D printing
implants or capsules can change shape or porosity base@bables integration of active and passive components into
local stimuli such as pH or enzymes, allowing targeted ardsingle structure, ensuring accurate dosage, targeting, and

controlled release [41]. release timing.
Currently, these systems are under investigation in
3.3.1 Intelligent drug delivery systems oncology, targeted antibiotic delivery, immunotherapy,

4D printing offers innovative opportunities inand chronic inflammatory diseases.
pharmaceutical applications by enabling smart drug
delivery. Unlike traditional dosage forms that release dru@s3.2 4D printing of customized medical devices
passively, 4D-printed systems can respond to specific 4D printing technology enables the design of medical
physiological stimuli and release active substances indgvices that actively respond to stimuli and adapt to the

targeted and adaptive manner. individual needs of patients. Implants made from shape-
memory materials, such as nickel-titanium (nitinol),
Adaptive Drug Release Systems change their shape upon reaching physiological

A common example is pH-sensitive polymer capsulgemperature, allowing precise deployment at the target site
that remain intact in the acidic environment of the stomag#ithout the need for manual adjustment [32]. This
but dissolve in the more alkaline intestines—ideal foprinciple is commonly used in endovascular procedures,
treating intestinal inflammation or infections. Similarly,such as the implantation of stents or vascular
temperature-responsive hydrogels can change their voluregnforcements.
or porosity depending on body temperature, regulating In pediatric surgery, implants that respond to the

drug diffusion [38]. growth of the organism are being experimentally tested,
enabling adaptation without repeated surgical replacement
Multilayer and Multi-Component Tablets during the child’s development [30,39].

4D printing allows the design of tablets with multiple A significant area of 4D printing research involves
layers or components, each releasing a different drug agtive medical devices whose functionality changes in
excipient at a specific time or location. This is especiallfesponse to specific physiological stimuli. Examples
useful for patients with chronic conditions like diabetednclude stents with programmable diameters that expand at
hypertension, or asthma who require complex dosifgpdy temperature or respond to changes in mechanical load
regimens [1]. at the target site, such as fluctuations in blood pressure
(Figure 5) [30,38].

~ 186 ~

Published by Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia - International Scientific Journal about Technologies
Volume: 11 2025 Issue: 4 Pages: 179-192 1SSN 2453-675X

Application and potential of 4D printing in medicine
Alena Findrik Balogova, Viktoria Rajtukova, Bibiana Ondrejova, Radovan Hudak

Figure 5 Self-expanding nitinol stents produced by 3D printing using selective laser melting (SLM) at the Lab22 laboratory (CSIRO,
Melbourne)

Implants with modified surfaces can detecallow for fully personalized dosing strategies. In the future,
inflammation and release bioactive agents, such agegration with wearable diagnostic sensors could enable
antibacterial and immunomodulatory compounds. Theseal-time adaptation of drug delivery, leading to smart,
systems enable targeted local drug delivery, enhanciadaptive, and highly individualized pharmacotherapy[34].
efficacy while reducing side effects and the need for
systemic therapy. Thus, 4D printing supports not onlg.4  Adaptive sutures and bandages
personalized design but also the development of smart Among the promising surgical applications of 4D
devices with improved therapeutic performance [43].  printing is the development of adaptive sutures and

bandages. These systems respond to changes in the wound
3.3.3 Personalized phar macather apy and dosing or surrounding skin, enhancing treatment effectiveness and

Modern pharmacotherapy faces the challenge eghtient comfort. Most often, they utilize shape memory
achieving precise dosing that considers individuglolymers (SMPs), which can alter their shape or tension in
physiological and genetic characteristics. Conventiongésponse to body temperature, moisture, or pH levels [4].
drug regimens often overlook variability in metabolism,
weight, age, genetic polymorphisms, or comorbidities. 3.4.1  Self-tightening sutures

4D printing enables the creation of personalized drug Traditional sutures require manual closure and are
delivery systems that respond to specific physiologicalften removed later by a physician. With SMPs, it is
conditions and release active substances based mgksible to design sutures that automatically contract at a
predefined parameters. Such systems can: specific temperature—typically 37°C. They ensure even

* release drugs at programmed time intervals, wound closure without the need for manual tension

« respond to stimuli (e.g., pH, enzymes, temperature)adjustment and adapt to changes in wound shape during

» adjust dosing in real time based on patient status. healing.Research shows that self-tightening sutures may

These features are especially valuable in chronieduce scarring, minimize inflammatory responses, and
diseases (e.g., diabetes, rheumatoid arthritis, neurologieabport the natural healing process. These materials can
disorders), where therapy must align with daily rhythms atlso be biodegradable, eliminating the need for removal—
symptom cycles. especially beneficial for pediatric or geriatric patients

Polymers with programmed degradation and stimuliFigure 6) [44].
responsiveness, combined with genetic or biomarker data,
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Original shape

Loose knot |

Tightened knot

Figure 6 Self-tightening suture based on shape memory polymer activated at body temperé@ire (37

3.42 Smart bandages Materials such as stimuli-responsive hydrogels and shape-
Beyond sutures, 4D printing is also used to createemory polymers can adapt to temperature, pH, or
bandages that incorporate sensory layers or are made frorechanical  stress. These  responses  improve
hydrogels responsive to physiological changes such bi®compatibility, reduce the risk of complications, and
temperature, pH, or humidity. Smart bandages camhance functional longevity of implants [1-3]. In clinical
automatically release antibacterial agents upon infecti@pplications, implants capable of long-term interaction
detection or adjust their mechanical properties to optimizeith surrounding tissue and active participation in
healing. healing—such as intelligent scaffolds or vascular grafts—
Hydrogel layers can be programmed via 4D printing tare being tested.
change porosity or viscosity depending on the healing
phase—for example, maintaining moisture during thé.1.2 Reduced surgical burden and renterventions
acute phase to promote epithelialization, and hardening 4D printing facilitates the development of medical
later to protect the wound from external damage. devices that self-expand after implantation or degrade once
These technologies not only improve patient comfotheir function is fulfilled. Examples include self-expanding
but also enhance therapeutic efficiency, reduce healistgnts, growth-adaptive pediatric implants, or absorbable
time, and lower the risk of secondary infections [45].  fixation systems. These innovations reduce the need for
repeated surgeries and shorten recovery time [4-6].

4  Clinical implementation of 4D printing Emerging applications also involve materials that release
in medicine therapeutic compounds or transform their structure in
Successful implementation of 4D printing in medicind©SPONSe to temperature or pH without surgical

requires not only technological advancements but aldgervention.

careful consideration of clinical aspects that determine iés 3 p alized drua deii
real-world application. This chapter focuses on key areds- e sonafized dr ug aeivery

where 4D printing can provide therapeutic benefits, asw?ll 4D printing enables the q_evelopr_nent_ of _drug
as the challenges that must be overcome to achieve HENUIations that respond to specific physiological stimuli.
widespread clinical adoption pH-sensitive capsules and temperature-activated hydrogels

allow for more targeted drug release. Multilayer tablets can
41 Clinical benefits and therapeutic potential c_ombme seve_iral active ingredients with staggt_ared release
times, improving treatment adherence and patient comfort

411 A_dqptlvestructureﬁand biological integration .H-Q]. These systems have the potential to significantly
4D printing technology represents a breakthrough fnprove management of chronic conditions requirin
medicine due to its ability to create smart structures thatP 9 q 9

actively respond to physiological conditions in the body.
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tailored dosing schedules aligned with a patient’s circadian Such a well-prepared environment will support the
rhythm. transformation of 4D printing from an experimental tool
into an effective component of healthcare delivery.
414 Regenerative applications
4D printing is being used in regenerative medicine fd§ Results and discussion

tissue repair. Scaffolds produced with this technology can As this article is a review, the results presented here are
change stiffness, porosity, or release growth factoft original experimental findings but rather a synthesis of
according to the healing phase. Applications are beirgta and conclusions reported in the existing literature. The
explored in cartilage, nerve, skin, and liver regeneratiqg|iowing section highlights the most relevant outcomes of
[43]. When combined with stem cells and bioactivgyrevious studies on 4D printing in biomedical engineering,

compounds, dynamic microsystems can enhance Cghth a focus on materials, techniques, and clinical
differentiation and improve vascularization in damagegerspectives.

tissues. Several studies have demonstrated that stimuli-

responsive polymers and composites are central to the
4.2 Barriersto clinical implementation advancement of 4D printing. Smart materials such as
421 Material and technological limitations shape-memory polymers (SMPs), hydrogels, and hybrid

The availability of biocompatible, stimuli-responsivebioinks enable structures to alter their shape or properties
materials remains limited. These materials often exhibjfhen exposed to external triggers, including temperature,
poor mechanical stability and are difficult to procesH, light, or mechanical forces. Reported applications
Manufacturing multi-material structures is technologicallyange from self-adjusting scaffolds in tissue engineering to
demanding and requires sophisticated equipment that is peihimally invasive implants and controlled drug delivery
yet standard in healthcare facilities [1,37]. Moreover, negystems. These findings underscore the importance of
printing protocols are needed to ensure reproducibility amgaterial innovation as the foundation of successful

precision in personalized production. biomedical 4D printing.
_ In terms of manufacturing techniques, selective laser
422 Regulatory and ethical challenges sintering (SLS), fused deposition modeling (FDM), and

Existing regulations such as MDR and FDAdirect ink writing (DIW) have been frequently adapted for
frameworks are not designed for programmableiD applications. Literature reports highlight the versatility
individualized structures. There are no establishesi these methods in processing polymers, metals, and
standards for testing long-term material response, nor fesramics. However, scalability and reproducibility remain
ethical evaluation of autonomous material behavior. Thshallenges, as many results are limited to small-scale
complexity of such implants demands new approaches gfototypes rather than clinically applicable devices.
informed consent and accountability for treatment From a clinical perspective, pilot studies and proof-of-
outcomes [39,46]. Predicting long-term in vivo behaviotoncept experiments suggest that 4D-printed constructs

increases the need for new types of clinical trials. may provide significant benefits in personalized medicine.
_ o . Examples include scaffolds that adapt to patient-specific
4.2.3  Economic and organizational barriers anatomy, drug carriers that respond to physiological

Introducing 4D solutions is costly, particularly due taconditions, and stents that change shape after implantation.
personalization and limited scalability. Integration inttNonetheless, long-term in vivo data are scarce, making it
public healthcare reimbursement systems is challenging,difficult to fully assess safety, stability, and
is coordination among developers, clinicians, anBiodegradation.
regulators [34,47]. New business models and cost- While the reviewed results demonstrate remarkable
effectiveness evaluation systems are needed to captureghsgress, several limitations persist. The availability of

long-term benefits of such innovative solutions. biocompatible and biodegradable materials is still
restricted, hindering the direct translation of research into

4.3 Outlook and recommendations for clinical clinical practice. Moreover, reproducibility and scalability
adoption are major barriers to commercialization, as the transition

In the coming years, 4D printing is expected to expantfom laboratory prototypes to clinical-grade products
particularly in personalized medicine and temporar§equires robust quality control. Another unresolved issue is
implants. Key priorities include: the regulatory landscape, which lags behind technological

« development of new testing methodologies, advances and lacks clear guidelines for evaluating 4D-

« legislative adaptation of regulatory frameworks, Printed medical devices. _ _

« education of clinical personnel, Interdisciplinary  collaboration between material
and enhanced collaboration among researcpcientists, engineers, and c_I|n|C|e_ms is crucial to overcome
industry, and clinical sectors [39]. these barriers. Ethical considerations such as patient safety,

cost-effectiveness, and access to personalized treatments
must also be addressed. Despite these challenges, ongoing
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innovations in smart polymers, bioinks, and computational https://doi.org/10.52842/conf.acadia.2014.539
design tools are expected to expand the clinical potential[6] ZHAO, T., YU, R., LI, X., CHENG, B., ZHANG, Y.,
4D printing. Ultimately, the integration of stimuli-  YANG, X., ZHAO, X., ZHAO, Y., HUANG, W.: 4D
responsive materials with advanced printing techniques printing of shape memory polyurethane via
may reshape modern medicine by enabling adaptive, stereolithographyiEuropean Polymer JournalyVol.
patient-specific, and functionally superior therapeutic 101, pp. 120-126, 2018.
solutions. https://doi.org/10.1016/j.eurpolymj.2018.02.021
[7] KANG, M., PYO, Y., JANG, J.Y., PARK, Y., SON,
Y.-H., CHOI, M., HA, J.W., CHANG, Y.-W., LEE,
4D printing is an emerging and rapidly evolving field C.S.: Design of a shape memory composite(SMC)
with the potential to significantly transform the future of Using 4D printing technologySensors and Actuators
medicine. The ability to create intelligent structures that A: Physical Vol. 283, pp. 187-195, 2018.
can adapt to changing patient physiology or environmental https://doi.org/10.1016/j.sna.2018.08.049
conditions opens up new opportunities in personalizdd] PARANDOUSH, P., LIN, D.: A review on additive
medicine, regenerative therapy, and targeted drug delivery. manufacturing ~ of ~ polymer-fiber ~ composites
Although many applications remain in the experimental Composite StructuresVol. 182, pp. 36-53, 2017.
stage, research trends suggest that the integration of 4Dhttps://doi.org/10.1016/j.compstruct.2017.08.088
printing into clinical practice is only a matter of time.[9] YADROITSEV, I, BERTRAND, P., SMUROV, I.:
Successful implementation, however, requires overcoming Parametric analysis of the selective laser melting
several technological, material, and ethical challenges. ProcessApplied Surface Sciencéol. 253, No. 19, pp.
Future development will depend primarily on close 8064-8069, 2007. .
collaboration among scientists, physicians, engineers, and https://doi.org/10.1016/j.apsusc.2007.02.088
regulators. If current barriers are addressed effectively, 4&0] BERNARD, S., KRISHNA BALLA, V., BOSE, S,,
printing could become a key tool in advancing healthcare BANDYOPADHYAY, A.: Compression fatigue

toward greater efficiency, safety, and individualization. behavior of laser processed porous NiTi alloy,
Journal of the Mechanical Behavior of Biomedical
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Abstract: In the context of modern agricultural transformation, the integration of robotic systems into plant care is
emerging as a vital solution to address challenges such as labour shortages, increased production demands, and the nee
for sustainable farming practices. This research focuses on the mechanical design and fabrication of a compact, modular
robotic platform specifically tailored for agricultural plant care applications. The robot is designed to operate in
greenhouses or open fields and is equipped with a four-wheel differential drive system, a chain transmission mechanism,
and a load-distributing aluminium top plate to support essential components such as a water tank. Finite Element Analysis
(FEA) was conducted to validate the structural reliability of the chassis and loadbearing elements, showing low stress and
strain well below material limits, thereby ensuring operational stability and safety. A prototype was manufactured using
accessible materials and methods, demonstrating the feasibility of the proposed design in terms of assembly, mobility,
and structural integrity. This study contributes a mechanically robust and scalable foundation for future integration with
sensors and control systems, advancing the development of smart, automated agricultural robotics.

1 Introduction functionality, and tool mounting systems for
In the context of agriculture’s rapid transformatiorinterchangeable plant care implements. Consideration is
toward modernization and automation, the integration @fven to factors such as structural stability, ease of
robotic technology into plant care processes has becofmponent integration, environmental durability, and
increasingly critical [1-3]. Tasks such as pesticid&anufacturability. The robot's frame, drive system, and
spraying, weed removal, environmental monitoring, an@nd effector mechanisms are developed with a view to
growth assessment are labour intensive and tinf€Xibility, enabling the robot to adapt to different crop
consuming when performed manually. Automating thegeometries and terrain conditions.
stages not only addresses the growing shortage of Beyond the practical design objective, the project also
agricultural labour but also improves operationa$€rves an educational purpose providing hands on
efficiency, consistency, and sustainability in moder§xperience in mechanical design, structural analysis, and
farming practices [4-10]. mechatronip system integration. _Through this effort, the
To meet these emerging demands, this researchStgidy contributes not only a working prototype but also a
dedicated to the mechanical design and development offamework for future research in agricultural robotics
robotic system specialized for agricultural plant care. THecusing on mechanical design innovation.
objective is to design and fabricate a compact, modular
robot capable of operating in medium to large sca Related work
environments such as greenhouses and open field farms.Plant care robots represent a significant advancement
Emphasis is placed on a simulation-oriented prototype thatthe application of robotics within the domain of modern
enables practical validation and conceptual demonstratiagriculture. These robots are engineered to autonomously
of the mechanical subsystems involved. perform essential tasks such as irrigation, fertilization,
The research focuses exclusively on mechanicahvironmental monitoring, and crop health assessment by
design, covering aspects such as chassis layout for rougbasuring parameters like humidity, temperature, and soil
terrain  mobility, articulated arms for multitaskmoisture. The integration of robotic systems into plant care

o
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processes not only reduces the dependency on manaadl cost-saving potential through comparative analysis.
labor but also enhances the precision, consistency, dnab Y et.al [18] proposes a suspended rail automatic
efficiency of agricultural operations. variable distance spray system for solar greenhouses,
In the context of ongoing challenges in the agriculturathich uses laser sensing and real time control to optimize
sector including labor shortages, rising productionozzle positioning for vertically cultivated crops
demands, and the need for sustainable practices plant cd@enonstrating a 16.65% increase in pesticide adherence
robots emerge as a promising technological solution. Theayd a 29.58% reduction in pesticide use compared to fixed-
play a pivotal role in advancing the transition toward smardjstance spraying, thereby enhancing precision, efficiency,
sustainable, and environmentally responsible farming. Bynd environmental sustainability. Yao, Zhixin et.al [19]
automating repetitive and data intensive tasks, these robmgiews and compares existing research on autonomous
contribute to increased productivity, optimized resourceavigation and path planning technologies for agricultural
usage, and improved crop management, aligning with theachinery, categorizing key methods such as GNSS,
broader goals of intelligent agricultural systems.Famachine vision, and LIDAR, detailing 22 algorithms across
example, Zhang, Maoqing, et al [11] proposes two novéur planning approaches, and highlighting unresolved
strategies a sliding window method and a placeholdehallenges and future research directions to enhance
strategy to optimize watering robot path planning andbstacle avoidance and path optimization. Wang, Yue, et
address challenges such as dimensionality amdi[20] develops an intelligent wall mortar spraying robot
environmental variability, validated through a genetifeaturing a retractable structure for extended working
algorithm with neighbor exchange. Amin Ghobadpour [12jange, laser based parallel adjustment, and LiDAR driven
discusses the emerging trends and future prospects of graega recognition, demonstrating its ability to autonomously
energy based off road electric vehicles and autonomoakign with walls, avoid non spray zones, and effectively
robots in agriculture, highlighting their potential to addresgerform automated spraying with high accuracy and
challenges such as labor shortages, energy demands, effidiency. Given the diversity of robotic applications and
environmental sustainability through electrificationthe advancements in precision agricultural technologies
renewable energy, and integration with advanced digiteviewed above, it is evident that plant care robotics holds
technologies. Ditzler, Lenora, and Clemens Driessen [18)ibstantial potential to address critical challenges in
investigates how robots can support agroecologicalodern farming. Therefore, this research was conducted to
farming specifically within the context of pixel cropping incontribute a specialized mechanical design solution
the Netherlands arguing that automation in diversifiedailored to the needs of plant care automation, aiming to
ecology based systems requires rethinking robotic designhance operational efficiency, adaptability, and
to align with agroecological values through inclusivesustainability in smart agriculture systems.
iterative, and hybrid approaches rather than fully replacing

human labor. D Xie et.al [14] reviews the core technologies N echanical design architecture

of _agrlcultural rol_Jots operating in unstructurqu_1 Overall gructural design

environments focusing on actuators, control systems, The proposed plant care robot features a compact
perception tools, and end effectors and highlights how their prop P pact,

' U 2 " .~ Mmodular frame constructed primarily from aluminium
integration is driving the transition toward data driven ; : -~ . .

. . ... extrusion profiles, providing both structural integrity and
standardized, and unmanned smart agriculture. Fabio

Terra etal [15] proposes a low cost, modular robot esign flexibility. The overall dimensions of the robot are

I . X
sprayer system using computer vision and individu§60 mm (length) x 410 mm (width) x 220 mm (height),
making it suitable for navigating narrow crop rows or

nozzle contr_ol to optimize pesicide application in rovc\f%reenhouse aisles. The platform accommodates a 5-10 kg
crops, aiming to enhance food safety, redu

X . . water tank, centrally positioned for balanced load

environmental impact, and provide an aﬁordabl%istribution

automation solution for small and medium sized farms. YU, ) . L .
A four-wheel configuration is used to ensure mobility

Jlangfan,_et al [.16] develqps an automatic maize see@gﬁd ground stability, with robust rubberized wheels
machine integrating sand filling, seed placement, watenng

: . ésigned for semi-structured terrains. The drivetrain

and covering, and proposes an image based evaluan(%r} hain-dri d
method to optimize spray angle settings concluding thaty 288 tWo chain-driven systems connected to stepper
motors for independent left right wheel control, enabling

55° spray ang!e offers the _best balance of Wa.te”n(ﬂfferential steering. The chains are tensioned and guided
efficiency, minimal seed disturbance, and uniform

moisture distribution, as quantified by a novel Spray Angl?y sprockets mounted on both motor shafts and wheel axles
Performance Index (SAPI). Fu, Qig, et al [17] designs 0 ensure synchronized movement and torque transmission

improved greenhouse self-propelled precision sprayer wi igure 1).

a Multiple Height and Level (MHL) rack and advanced
sensing technologies, demonstrating that it offers greater
spray uniformity and operational stability compared to
traditional systems, while also highlighting its precision

o
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modular attachments such as spraying arms or vision
systems. The frame’s open design allows air circulation
around electronic components and provides access for
maintenance.

Figure 1 Mechanical design overview of the plant care robot

platform K=K A=K

The gap between the two supporting leg frames is 200 Figure 2 Chassis and frame design
mm, allowing the system to straddle over narrow crops or o )
rows, minimizing interference with the plants during This compact aluminium-based frame design ensures
operation. The top surface suppaetsctronics and power the r(_)bot remams_lgoth structurally stgble and_hghtwelght,
systems (not shown), while the bottom region remairf§eeting the mobility and load bearing requirements of
accessible for future integration of spraying arms, sensifigedium to large scale plant care applications in

modules, or robotic manipulators. greenhouses or open fields. o
To evaluate the mechanical reliability of the top
3.2  Chassisand frame design platform under operational loads, a finite element analysis

The chassis of the plant care robot is designed with(§EA) was conducted. The simulation assesses the von
focus on modularity, lightweight construction, andVises stress distribution across a 6 mm thlck_ 6061-T6
adaptability to semi-structured agricultural environment&/Uminium plate mounted on the frame and subjected to a
The entire frame is fabricated using 20x20 mm 6063-T#form load of approximately 70 N, representing the
aluminium profiles, chosen for their excellent balance d¥ight of components such as the water tank and
strength to weight ratio, corrosion resistance, and ease®fctronics. _
machining and assembly. The use of extruded aluminium AS Shown in Figure 3, the von Mises stress values

allows for future component integration and structurCross the structure range from 83.7 Pa to 57.9 kPa, with
adjustments without requiring welding or cutting stress concentrations observed near the plate corners—

enhancing maintainability. likely due to localized boundary conditions or fixed
The robot's overall frame structure consists of thregPnstraints. Importantly, the maximum stress vatué.g

main segments: x 10*N/m2) is significantly lower than the material’s yield
Central support platform (footrest): measuring 105 mtrength of 275 MPa (2.75 x 108/m?) for 6061-T6

(height) x 400 mm (length) x 200 mm (width), serves a@lummlgm. This indicates a very .hlgh. safety factor,

the mechanical core for mounting electronic componentdnfirming that the platform will remain within the elastic

and the water tank (5-10 kg capacity). deformation range and not experience plastic deformation
Side legs: symmetrically positioned with a 200 mm gaf" failure under normal operating conditions.

between them to straddle plant rows without disturbinfg The results validate the design decision to use 6061-T6
crops. or the top plate and confirm the adequacy of the

Small connecting frame: sized 200 mm x 240 mnSupporting 6063-T5 aluminium frame. The system is

reinforces lateral stability and provides a mounting base fofructurally sound for the expected loading, ensuring
drive systems or sensor modules. durability and stability during field operation.

The top frame layout, as shown in Figure 2 includes
transverse beams to support both mechanical loads and
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wion Mises (N/m~2)
5.797e+04
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4.63%e+04
4.060e+04
3482e+04
“ 2.903e+04
| 2.324e+04
1.745e+04
1.166e+04
5.872e+03
8.374e+01

—» Vield strength: 2.750e+08

Figure 3 The von Mises stress distribution from frame
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4.028e-11
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Figure 4 The equivalent strain (ESTRN) across the frame

To complete the structural validation, a strain analysif equivalent strain (ESTRN) across the frame and top
was performed under the same loading and boundaiuminium plate.
conditions used in the previous stress and displacement The results indicate extremely low strain values
simulations. The plot in Figure 4 illustrates the distributiothroughout the structure, with peak strain reaching
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approximately 4.03 x 18. These values are orders ofwith peak strain values around 4.03 x1,Gvhich is orders
magnitude below typical strain thresholds for structuraf magnitude below the elastic threshold, thus confirming
deformation in 6061-T6 and 6063-T5 aluminiumthat the materials remain well within the elastic range
confirming that the entire chassis and load-bearing platieroughout operation. These results validate the choice of
remain well within the elastic deformation range. materials and confirm the adequacy of the load-bearing
Strain concentrations are mildly visible at the cornerstructure in terms of stiffness, strength, and long-term
of the plate corresponding with locations of stresseliability.
accumulation, but these are still negligible in magnitude. The displacement simulation showed a smooth
The rest of the frame exhibits near-zero strain, which aligasstribution of deflection, with the maximum occurring at
with expectations given the lightweight loading scenariansupported plate edges. Although some exaggerated
(=70 N) and the material stiffness. values appeared due to mesh density or improperly
These results further validate that the currertonstrained boundary conditions in the simulation
mechanical design ensures durability, elastic recovery, apdftware, the physical prototype showed no noticeable
structural safety, with no risk of plastic deformation owarping, tilting, or deflection during preliminary loading

fatigue under nominal operational loads. and mobility tests. Observations from manual push tests

confirmed the frame’s resistance to torsion and bending,

4 Resultsand discussion reinforcing confidence in its use on uneven terrain with
All in-text citations should be listed in the reference listinor vibrational loads. o

at the end of your document (Figure 2, Figure 3). The mobility system, consisting of four wheels and a

Following the completion of the mechanical design anghain-driven differential mechanism, also underwent
structural validation, a full-scale prototype of the plant caréesign verification and theoretical performance evaluation.
robot was fabricated and assembled, as shown in FigureT8¢e drivetrain was built using 04C chain and sprocket
The development and assembly of the agricultural plag@mponents, with a gear ratio of 2:5 achieved through a 12-
care robot prototype were carried out in strict accordané@oth sprocket on the motor and a 30-tooth sprocket on the
with the proposed mechanical design Speciﬁcationg,rive axle. This configuration effectively reduces wheel
resulting in a structurally accurate and functionally stab®tation speed while increasing torque by 2.5 times,
system. The chassis was constructed using 20x20 nf@king it suitable for agricultural use where high torque
6063-T5 aluminium extrusion profiles, chosen for theiand low speed are prioritized over rapid motion.
excellent mechanical properties, corrosion resistance, daglculations show that, with the selected motors (JGB37
ease of assembly. These lightweight yet durabReries), the output torque at the wheel can re_ach over 2 Nm
components formed the skeleton of the robot, offering higher motor, generating a combined tractive force of
structural integrity and modularity. To addresgPproximately 63.7 N, which is sufficient to move a 20 kg
concentrated loading and enhance structural performant@d under typical rolling resistance conditions. While the
a 6 mm thick 6061-T6 aluminium plate was mounted offotors used in the current prototype were simulation units,
the top surface of the frame. This plate acted as a lolg drivetrain demonstrated consistent alignment and
distribution platform, accommodating an estimatedension, with the chain remaining engaged and responsive
operational payload of 70 N, which includes the water tarnder test movement. Minor irregularities such as chain lag
(up to 10 kg), drive components, and potential sens6f stalling were observed, primarily due to insufficient
modules. Under static loading conditions, the prototyp@otor power in the prototype, which will be addressed in
maintained its shape with no visible signs of deformatiofture iterations by integrating higher power geared
deflection, or instability, demonstrating its robustness arffiotors. o
suitability for semi-structured agricultural environments [N summary, the prototype exhibited excellent
such as narrow crop rows or greenhouse aisles. compliance with mechanical and structural expectations.

To further evaluate mechanical performance, finitdhe modular design enables easy disassembly and
element analysis (FEA) was conducted to simulaéPgradeability, the fabricated frame is lightweight and
structural behaviour under loading. The von Mises streBiechanically sound, and the system is well-suited for
analysis revealed that the maximum stress wdtegration with additional components such as sensors,
approximately 57.9 kPa, located near the corner constraiggfuators, and control electronics. The FEA results,
of the aluminium plate. This value is significantly lowersupported by physical observations, indicate that the
than the yield strength of 275 MPa for 6061-T6 aluminjungurrent mechanical structure can confidently support
providing a substantial margin of safety and confirming thiéirther — development toward full automation. This
structure’s ability to operate under normal agriculturay@lidation provides a solid foundation for advancing the
conditions without risk of yielding or failure. StrainProject to the next phase, including control integration,

analysis (ESTRN) further indicated minimal deformation?e”SQF'b?S_ed perception, and autonomous plant care
unctionalities.
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Figure 5 A full-scale prototype of the plant care robot

5 Conclusions control, process sensor data, and execute plant care

This study successfully designed, analysed, arf@utines. In addition, the robot's navigation capabilities
fabricated a mechanical prototype of a robotic platforill be enhanced through the application of GPS, vision-
intended for plant care applications in agriculture. Based tracking, or predefined path planning to ensure
focusing exclusively on mechanical architecture, thBrecise movement within crop rows or greenhouse
project established a robust and modular frame construc@@vironments. Modular ~end-effectors for watering,
from 6063-T5 aluminium profiles, combined with a 6 mnfPraying, and crop monitoring will also be designed for
thick 6061-T6 aluminium plate for load distribution. Keyauick attachment and task flexibility. Finally, efforts will
mechanical subsystems, including a differential drivee made to improve energy efficiency and sustainability,
system with chain transmission and a compact wheelba#cluding exploring the use of solar panels for outdoor
were developed to support operation in structure@peration. These advancements aim to transform the
environments such as greenhouses and narrow crop ro@rent mechanical platform into a smart, adaptable, and
Finite Element Analysis (FEA) confirmed the structurapcalable solution for modern agriculture.
integrity of the design under operational loads, with stress
and strain levels significantly below the yield limits of theRefer ences
materials used. The physical prototype was assemblgd AMPATZIDIS, Y., DE BELLIS, L., LUVISI, A.
using accessible manufacturing techniques and materials, iPathology: Robotic Applications and Management of
validating the design’s manufacturability, rigidity, and Plants and Plant Diseas&astainability, Vol. 9, No. 6,
ease of assembly. 1010, pp. 1-14, 2017.

Building upon the successful development of the https://doi.org/10.3390/su9061010
mechanical prototype, future work will focus on[2] ATEFI, A, GE, Y., PITLA, S., SCHNABLE, J.:
transforming the platform into a fully autonomous and Robotic Technologies for High-Throughput Plant
intelligent agricultural robot. This includes integrating Phenotyping: Contemporary Reviews and Future
sensor systems such as soil moisture sensors, ultrasonic oPerspectived-rontiers in Plant Science, Vol. 12, No.
LiDAR modules, and environmental monitors to enable June, 611940, pp. 1-18, 2021.
real-time interaction with crop conditions. A control https://doi.org/10.3389/fpls.2021.611940
system based on microcontrollers (e.g., Arduino dB8] CHENG, C., FU, J., SU, H., REN, L.. Recent
Raspberry Pi) will be implemented to manage motor Advancements in Agriculture Robots: Benefits and
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Abstract: This scientific article deals with the mechanical testing of samples produced by 3D printing technology from
thermoplastic polyurethane (TPU), which is a flexible polymer with elastomeric properties. The aim of the study was to
evaluate the mechanical behaviour of TPU material under different printing parameters and loads, especially in
compression. The samples were printed using the FDM (Fused Deposition Modeling) method with variable settings such
as layer orientation, infill, layer thickness and printing speed, while a standardized shape of test specimens according to
ISO 604 was used. Testing revealed a significant dependence of mechanical properties on layer orientation and infill
degree. TPU showed high elasticity and energy absorption capacity, which confirms its potential for applications where
flexibility, shock absorption and shape adaptability are required. The results point to the importance of optimizing printing
parameters to achieve the desired mechanical properties in practice.

1 Introduction have a significant impact on the resulting mechanical

With the increasing availability of 3D printing, flexible Properties of the samples, such as tensile strength,
polymers such as TPU are becoming increasingly popu|gllas_t|_C|ty, hardness,_tear resistance, and fatlg_ue stre_n_gth. In
in applications requiring flexibility, impact resistance andddition, the layering direction, layer height, filling
repeated deformability. TPU combines the properties §fructure and nozzle temperature during printing are among
plastic and rubber and is suitable for the production #fe factors that can significantly affect the quality and
components such as seals, damping elements and wear&BRsistency of prints [2]. Therefore, it is essential to take
devices. However, due to the anisotropic nature of FDAfiese variables into account when designing experiments
technology, the mechanical behaviour of TPU samples @§d interpreting test results. The goal of mechanical testing
strongly influenced by printing parameters, which require®f TPU samples is not only to quantify their basic physical
their systematic evaluation. Mechanical testing of 3@Nd mechanical characteristics, but also to understand how
printed samples made of flexible TPU thermoplastithe material behaviour changes depending on the
polyurethane (Figure 1) is a key step in evaluating thegchnological conditions of printing and the type of load.
functional properties and reliability in real-world Testing .|ncludes pressure tests that simulate repeated stress
applications. TPU is a material known for its flexibility,in practical use [3]. The results of these tests serve as a
abrasion resistance, toughness, and shock absorptiasis for optimizing production parameters, designing
making it suitable for use in a variety of industries, fronflunctional components and improving predictive models of
automotive to footwear to medical and consumer productsPU behaviour under various operating conditions. Given
However, its exceptiona| proper[ies also p|ace Speciﬂbe increasing use of flexible materials in 3D printing, itis
demands on the manufacturing and testing of mechanid@portant to deepen knowledge about their mechanical
properties, especially when used in additive manufacturifghaviour and reliability [4-6]. Mechanical testing thus
[1]. 3D printing, specifically Fused Deposition Modelingrépresents not only a scientific approach to evaluating
(FDM) technology, enables the rapid and Cost_effecti\,@atenql properties, but also a practical tool for developlng
production of TPU parts with various geometridnnovative products that must meet demanding
configurations and internal structures. These parameté@§iuirements for performance, durability and safety [7].
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Figure 1 Molecular structure of thermoplastic polyurethanes [1]

2 3D printing of samples 2002 was established for the pressure test. After designing
2.1 Proposal for a methodology for testing the sample, we generated a good for the following 3D
materials printing. In Figure 2 we can see the sample design before

The samples were designed in the Simplyfy3D prografifinting for the pressure test.

according to the standards. The 1ISO 604 standard from

Figure 2 Sample design for static pressure test

2.2 3D printing of samples width of the first layer to 100% and the speed of the first

3D printing of the samples was carried out in théyer to 50%. We also set the starting point closest to the
laboratory on a Trilab DeltiQ 2 3D printer. For 3D printingspecific location, namely X to -200.0 mm and Y to 200.0
of the samples, a Nimble extruder had to be used due to the. For the infill, we entered the parameters for the inner
TPU material we used to print the samples. infill to 50%/75%/100%, the contour overlaps to 25%, the

Before starting the print, we set the printing parameterigfill extrusion width to 150% and the minimum infill
The Trilab DeltiQ 2 is a printer with a working area of dength to 1 mm. We set the substrate temperature to 200
250 mm (X,Y) x 300 mm (Z). We used a Nimble extruder,C. and the static speed of the supporting structure to 80%,
for which we set the nozzle diameter to 0.40 mm and thle insufficient speed of the solid infill to 100%, the speed
extrusion width to 0.40 mm. For the layer, we had to entéf movement of the X/Y and Z axes to 9000 mm/min. In
parameters for the height of the primary layer, which waggure 3 we can see the 3D printing of the samples and its
0.20 mm. Then we set the direction of the contour, whidinal printing. Subsequently, in Figure 4 there are printed
was made from the outside to the bottom. We set tis@mples for the pressure test with 50%, 75% and 100%
parameters for the height of the first layer to 150%, thifill.
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3 Mechanical testing, evaluation determined according to the ISO 604 standard from 2002,
of pressuretests which describes methods for determining the compression

Using compression tests, we investigated tharoperties of plastics. The samples were printed from TPU

deformation behaviour of the material and the conditior@aterial with 50%, 75% and 100% infill. The compression
of external forces. For mechanical testing, a simp st was carried out on the Inspect 5 testing device, where

cylinder was printed, the dimensions of which wer e tested sample was inserted between the jaws (Figure 5).
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Figure 5 Test sampleinserted between jaws

The output of the testing device was a data table. Thee can assess that the samples have low resistance to
following figures show graphs that describe thgressure and pass into the deformation region. It follows
deformation on the X-axis and the pressure in megapascidiat the material has the ability to withstand compressive
on the Y-axis. From the graphic representation in Figure #rces reducing the infill cross-section.

2 3 &4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 23 24 25 % 27

Figure 6 Graphical representation of compression test for TPU material with 50% infill

From the graphic representation in Figure 7 we camithout interruption of the material. From the graphic
assess that the linear region is approximately the same ifepresentation it follows that the material has the ability to
all the tested samples. The region of plastic deformationrissist compressive forces reducing the cross-section of the
indicated on the graph when it is gradually compresséafill.
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' Figure 7 Graphical representation of compression test for TPU material with 75% infill

In Figure 8 we can observe very similar behaviour as in
the previous testing.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Figure 8 Graphical representation of compression test for TPU material with 100% infill

4 Conclusion prototypes. From an experimental point of view, the testing
This scientific research provides an insight into thBas shown that the quality and set infill of 3D printing
field of testing flexible TPU, where compression tests werignificantly affects the behaviour of TPU material under
performed on cylindrical samples with 50%, 75% antpad. The findings suggest that TPU as a 3D printing
100% infill. Compression testing of 3D printed samples dpaterial has great potential in areas where flexibility and
flexible TPU is a key step in verifying their mechanicafurability are needed. The pressure testing also highlighted
properties, reliability and functional behaviour in realthe need for a comprehensive evaluation not only of the
world conditions. The results of these tests provide aterial itself, but also of the way the object is designed
deeper understanding of how the material behaves un@éd printed. The results of these tests can serve as a basis
load, how it deforms and whether it can maintain it&r further research and development aimed at optimizing
integrity after repeated or long-term pressure. Flexibfée design of 3D printed components from flexible
materials such as TPU are increasingly used in technidapterials, thereby expanding their application in various
applications where a combination of flexibility, strengtindustrial and consumer areas.
and wear resistance is required — whether it is for damping
elements, protective components, soft joints or functional
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Abstract: Small and medium-sized enterprises (SMEs) account for approximately 90% of all businesses and nearly 50%
of global employment, with a significant share of these jobs held by women. Therefore, evaluating SME performance in
business innovation and examining frameworks that integrate sustainability is crucial for addressing poverty and gender
inequality in line with international standards. This study focuses on the role of digital innovation and technology transfer
in fostering sustainability within the SME sector in Tamil Nadu. SMEs in this region face numerous challenges while
simultaneously encountering new opportunities arising from digital transformation. Existing research highlights how
digital technologies can enhance operational efficiency, reduce environmental impact, and promote social equity.
By analysing relevant literature, conducting surveys, and interviewing key stakeholders, this research examines the
current status of digital innovation and technology transfer among SMEs in Tamil Nadu and assesses their implications
for sustainable development.

1 Introduction drivers of DT, the research can guide the allocation of

Digital Transformation (DT) is increasingly redefiningresources and support mechanisms to help SMEs thrive.
boundaries between organizations and industries, creating Building Knowledge and Skills: This study addresses
significant competitiveness challenges for enterprisedl€ knowledge gaps related to DT and sustainability in
Beyond the GDP growth of India in the SMEs sectors alSYMES [3-5]. By providing a comprehensive analysis, it can
impacts the social and environmental aspects &ffve as a valuable resource for training programs,
sustainability. Further SMEs engaged in international trad¥éorkshops, and educational initiatives aimed at enhancing
tend to be more optimistic about the business landscdpe digital skills and capabilities of SME owners and
and exhibit positive job creation prospects. An analysis §Mmployees.

438 Italian SMEs also shows that DT positively affects Regional Development Insights: By focusing on
their international performance_ However, there is gpecific districts in Tamil Nadu, the StUdy offers insights
notable tension between DT and environmentdnto regional variations in SME practices and challenges.
sustainability, as they often represent competing growfthis localized approach can help tailor interventions and
paths [1,2]. Digital Transformation is reshaping industrieS8upport strategies to meet the unique needs of SMEs in
globally, and SMEs are no exception, and MSMEs iflifferent areas. Encouraging Collaboration: The study

Tamil Nadu. encourages collaboration among stakeholders, including
government agencies, industry associations, and
Obj ectives of the study technology providers. By fostering partnerships, the

« To observe the current scenario of Business Innovatiégsearch can enhance the collective effort for further
in the field of Digital transformation in SMEs in Tamil fesearch.
Nadu.

« To identify the challenges of business innovation and ~ Research methodology
major factors of digital Transformation in SMEs Sample Size: The 200 SMEs was targeted for this
sectors in Tamil Nadu. present study, distributed among the four districts as

e To find out the Sustainab”ity performance of SMEs. follows: Coimbatore District: 50 SMES, Tiruppur District:

« To propose a framework for leveraging DT for20 SMEs, Karur _District: 50 SMEs, !Erode Dis_trict: 50
sustainable practices in SMEs. S(lj\/IEs.dThe stratified random sampling technique was

adopted.

Importance of the study )

Informing Policy and Support Frameworks: The Shortcomingsof the study
observation of the present research will useful to The unique characteristics of the local market may not
policymakers and Support Organizations in deve|0pi flect br(_Jader trend;. While the Study aln':ls- to include 200
targeted programs and policies that facilitate DigitaPMES, this sample size may still be insufficient to capture
Transformation among SMEs. By identifying barriers anthe diversity of experiences and practices across all sectors
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and sizes of SMEs, potentially leading to biasetespective fields. This finding underscores the presence of
conclusions. The study may prioritize quantitative metrics relatively experienced workforce within the SME sector,
for assessing Digital Transformation and sustainabilityikely contributing to overall industry stability (Table 1).
potentially overlooking in observing the intangible Type of Industry: The analysis identifies the food

services of SMEs sectors. processing industry as the most prominent sector,
representing 22% of the respondents, closely followed by
3 Resultsand discussion leather manufacturing at 19%. These sectors highlight key

Age Distribution: In the present study reveals that areas of economic activity and employment in the region
significant portion of respondents fall within the age rangel able 1). _ _ o
of 46-50 years, accounting for 38% of the sample. Digital Transformation Adoption: The study indicates
Additionally, 22% of respondents are over 50 years oléat a significant portion of SMEs falls into the "Partially
This suggests that the workforce in the surveyed small afgoption” stage of digital transformation, with 41% of
medium enterprises (SMEs) is predominantly maturéespondents in this category (Table 1).
indicating potential stability and experience within the Digital Tools Used: Among the digital tools utilized by
sector (Table 1). SMEs, cloud services rank highest, with 38% of
Locality of SME Organizations: Geographicrespondents employing them, followed by social media
representation among the SMEs shows a notewortRjarketing at 21%. This reflects a growing recognition of
concentration in Tiruppur district, which comprises 37% dhe importance of digital solutions, although adoption
the respondents. This is followed by Coimbatore at 19%Mains inconsistent across the sector (Table 1).
and Karur at 23%. The data highlights Tiruppur as a key Importance of Sustainability: ~Perspectives on
area for SME activity, reflecting regional economicSustainability vary among respondents, with 33% viewing
dynamics (Table 1). it as less important and 22% considering it highly
Gender Distribution: Gender analysis demonstratesi@portant. This disparity points to differing priorities
significant disparity, with male respondents making upithin the industry regarding sustainable practices
71% of the sample while female respondents represent ofifgble 1).
29%. This indicates a gender imbalance within the Sustainability Practices: The study reveals that the most
surveyed workforce, warranting further investigation intdequently implemented sustainability practice among
the factors influencing these demographics (Table 1). respondents is sustainable sourcing, adopted by 40%.
Educational  Qualification:  The  educationalCommunity engagement follows at 27%, indicating
backgrounds of respondents vary considerably. Schog@wareness and initiatives aimed at improving local
level education constitutes 33% of the group, graduatgystainability (Table 1). _ _ _
account for 30%, and postgraduates represent 18%. ThisBarriers to Digital Transformation: The primary barrier
distribution suggests a diverse skill set, although a notatighdering digital transformation for the SMEs surveyed is
percentage lacks higher qualifications (Table 1). resistance to change, reported by 40% of respondents.
Experience in the Field: A substantial majority ofAdditionally, a lack of skills is cited by 24% as a significant

respondents (35%) have 10-15 years of experience in thelfallenge, highlighting the need for targeted training and
change management strategies (Table 1).

Table 1 Demographic details of the respondents and digital transformation adoption

| | DEMOGRAPHIC DETAILSOF THE RESPONDENTS Number %
1 | Age of Responder
Below 3( 42 21
30-4E 38 19
46-5C 76 38
Above 5( 44 22
20C 10C
2 | locality of the SME organizatic 42 21
Coimbatore distric 38 19
Tiruppur distric 74 37
Karur distric 46 23
Erode distric 20C 10C
3 | Gende
Male 142 71
Femalt 58 29
20( 10C
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4 | Educational qualificatic 66 33
School leve 38 19
Graduat 60 30
Post gradua 36 18
Other: 20C 10C

5 | Experience in the field of Sh

less than 5 yee 54 27
5-10 year 36 18
1C-15 year 70 35
More than 15 yea 40 20
20c 10C
6 | Type of SME industr
Textile Manufacturin 36 18
Leather Manufacturir 38 19
Food process indus 44 22
Electronic industr 30 15
Engineering indust 20 10
Coir industn 14 7
Health care indust 18 9
20c 10C

Il | DIGITAL TRANSFORMATION ADOPTION
How would you rate your company's current level of Digjtal
1 | Transformation (1 = No Adoption, 4 = Full Adoptiol

No adoptiol 35 17
Semi Adoptiol 43 22
Partially adoptio 82 41
Fully Adoptior 40 20
20c 10C
2 | Which digital tools does your company currently 1|
E-commerce platforn 42 21
Social media marketir 41 21
Cloud service 76 38
Data analytics too 41 20
20c 10C
3 | How important is sustainability to your busine
Highly importan 44 22
average importa 54 27
less importar 66 33
no importan 36 18
20c 10C
4 | Which sustainability practices does your company impler
Waste reductic 28 14
Energy efficienc 38 19
Sustainable sourcil 80 40
Community engageme 54 27
20c 10C
5 | What barriers do you face in adopting Digital Transforma
Lack of funding 32 16
Lack of skills 48 24
Resistance to char 80 40
Technology limitation 40 20
20c 10C
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Figure 2 Challenges of adopting digital transformation

Increase Awareness and Training: To foster digitalnxiety related to new technologies, ultimately driving
proficiency among SME workers, it is critical to organizegreater adoption and innovation.
workshops and training programs tailored to their specific Promote Gender Inclusivity: Addressing the gender
needs. These initiatives should focus on topics such iasbalance in the workforce is imperative. Implementing
building confidence in the use of digital tools. By offeringgender-sensitive recruitment policies can help attract more
hands-on training in cloud services, social medifemale candidates, while fostering a supportive work
marketing, and data analytics, SMEs can empower th@nvironment will encourage retention and growth.
workforce to embrace digital transformation. ThisOrganizations should consider establishing mentorship
approach not only enhances skills but also mitigatggograms and flexible working arrangements to support
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women in balancing work and personal commitments. Byrofile of SME respondents reveals a diverse range of ages,
promoting female participation, SMEs can benefit froneducational backgrounds, and experiences, which may
diverse perspectives, leading to improved innovation. influence their perspectives and approaches. It is a clear
The business innovation programs could includabout importance of awareness in digital transformation
subsidies or grants for investing in cloud services, datand sustainability, significant barriers remain [6,7].
analytics, and other essential digital infrastructurédddressing these challenges through strategic initiatives
Enhanced financial support would lessen the burden cdn empower SMEs to thrive in an increasingly digital and
initial costs and encourage SMEs to integrate advancedvironmentally-conscious marketplace. Further, the study
technologies into their operations, ultimately drivinchighlights the various component for achieving sustainable
efficiency and competitiveness in the market. Strengthgmactices in SMEs. By overcoming existing barriers and
Sustainability Practices: Promoting sustainability withidully embracing digital tools, SMEs can enhance their
SMEs is not only essential for environmental responsibilitgperational efficiency, contribute to sustainability goals in
but also crucial for long-term business viability. InitiativesTamil Nadu.
aimed at raising awareness about the benefits of sustainable
practices can include workshops, informational campaigrRefer ences

and success stories from peers in the industry. [1] IONASCU, A.E., BARBU, C.A., OLTEANU
(BURCA), A.L.: Sustainability in the Digital Age, In:
Establishing partnerships for training programs, Chivu, L., loan-Franc, V., Georgescu, G., De Los Rios
internships, and research initiatives can create a pipeline of carmenado, I., Andrei, J.V. (eds) Europe in the New
skilled talent equipped to navigate the digital landscape. world Economy: Opportunites and Challenges.
Furthermore, local institutions can provide SMEs with  ESPERA 2023, Springer Proceedings in Business and
valuable insights into current technological trends, Economics, Springer, Cham., pp. 513-524, 2024.
allowing for more tailored and effective adoption of digital  https://doi.org/10.1007/978-3-031-71329-3_31
practices (Figure 1). _ _ [2] BICAN, P.M., BREM, A.: Digital Business Model,
Current Scenario Elaboration: In light of these " pigital Transformation, Digital Entrepreneurship: Is
recommendations, the current scenario presents both There a Sustainable “Digital"Bustainability, Vol. 12,
challenges and opportunities for SMEs (Figure 2). The No. 13, pp. 1- 15, 5239, 2020.
mature workforce, while experienced, may require https://doi.org/10.3390/su12135239
reskilling to keep pace with technological advancementfg] SOLTYSIK, M., WOJINAROWSKA, M.,
The significant gender gap calls for proactive measures to yRBANIEC, M., ZABKAR, V., CWIKLICKI, M.,
ensure a more diverse and inclusive workforce, which can VARESE, E.: Sustainable Business in the Era of
enhance creativity and problem-solving  within  pigital Transformation, Strategic and Entrepreneurial
organizations. Perspectives, Routledge, Abingdon, Oxon, New York,
Digital tools like cloud services are underutilized, yUsa, 2024.

highlighting the potential for growth through increaseq4) GEORGE, G., SCHILLEBEECKX, S.J.D.: Digital
investment and training. Moreover, the hesitance toward transformation, sustainability, and purpose in the

sustainability among some SMEs poses a risk, as multinational enterpriseJournal of World Business,
businesses increasingly face pressure from consumers andyol. 57, No. 3, 101326, pp., 1-8, 2022.
regulatory bodies to demonstrate social responsibility. By https://doi.org/10.1016/j.jwb.2022.101326

executing these recommendations, SMEs can positigg] BAPAT, V.: Sustainability: the next frontier of digital
themselves not only for immediate success but also for transformation, ERP Today, [Online], Available:

long-term sustainability, https://erp.today/sustainability-the-next-frontier-of-
digital-transformation/ [28 Oct 2025], 2022.
4 Conclusion [6] VINARDI, C.: Sugtainable Performancein the Digital

The present data reveals that while many SMEs in Ade,  Springer  Nature  Switzerland, — 2024.
Tamil Nadu recognize the importance of digital https://doi.org/10.1007/978-3-032-01252-4
transformation, there is considerable room fol7] ORUGANTI, S.K., KARRAS, D. THAKUR, S,

improvement in adoption levels and sustainability CHAITHANYA, J.K., METTA, S., LATHIGARA, A.:
practices. The findings highlight significant barriers, Digital Transformation and Sustainability of Business,
particularly resistance to change and a lack of skills, which CRC Press, 2025.

must be addressed to foster a more digitally adept and

sustainable SME sector. By implementing the

recommended strategies, stakeholders may improve fR8View process _

capacity and ultimately contributing to the developmergingle-blind peer review process.

and sustainability goals. The analysis of the demographic
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