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Abstract: The research explores how AI-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. AI-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 AI-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 
India's Information Technology (IT) sector contributes 

9.4% to the GDP. It produces $227 billion in revenue [55] 
while it experiences fast-paced transformation through the 
implementation of AI and sustainability measures 
[29,55,68]. AI-driven HR practices improve both 
efficiency and employee performance according to recent 
studies [52,71,72] yet research about their effects 
specifically in India's IT environment is still limited 
[17,19,48]. This study explores this deficiency by 
examining how five AI-enabled sustainable HR practices, 
namely recruitment training, performance management, 
sustainability orientation, and empowerment, affect 
creative performance through idiosyncratic deals (I-deals) 
as a novel mediating mechanism. The study comes at a 
critical time as the IT sector struggles with high turnover 
rates [6,60] alongside an increasing demand for sustainable 
talent management practices [24,30,41]. The study builds 
on the Job Demands-Resources model [7,67] and 
Resource-Based View [9,75] to deliver empirical evidence 
of AI-HRM effectiveness in India's IT sector [1,28] while 
introducing I-deals as essential mediators in technology-
based HR settings [5,39] and presents actionable guidance 
for creating sustainable AI-enhanced HR systems that 
encourage creative work [25,34,47]. The research enables 
companies to manage digital changes by meeting 
sustainability demands and workforce requirements within 
India's competitive IT sector [10,54]. 

 

2 Review of related literature  
2.1 Theoretical framework  

This research integrates vital elements from the Job 
Demands-Resources (JD-R) model [7] and Social 
Exchange Theory (SET) [13] to develop a framework that 
examines the influence of AI-enabled sustainable HR 
practices on employee creative performance through the 
mediating role of idiosyncratic deals (I-deals). The JD-R 
model establishes that AI-powered HR practices, such as 
recruitment and training, function as essential 
organisational resources that reduce job demands and 
enhance employee motivation and creativity [32,67]. The 
application of technological interventions results in work 
environments that boost employee abilities for creative 
thinking and problem resolution, according to research by 
[34,72]. SET explains how organisations and employees 
maintain a reciprocal relationship through personalised I-
deals, which create organisational support and employee 
obligation, leading to increased creative contributions 
[5,23]. India's IT industry benefits from this theoretical 
integration because it enables the combination of 
sophisticated HR technologies with tailored employment 
structures that solve distinctive workforce issues while 
supporting long-term innovation [17,28]. The framework 
advances current understanding by presenting evidence 
that AI-powered HR systems set up the structural 
conditions for I-deals to become strategic resources 
[71,74]. The research integrates different theoretical 
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viewpoints to show how organisations can use AI-powered 
HR systems focused on sustainability to boost creativity 
through customised employment practices and discuss the 
future of digital economy work [53,62]. 

 

2.2 Conceptual framework  
2.2.1 AI-enabled recruitment and selection 

Advanced algorithms in AI recruitment systems 
transform talent acquisition processes by reducing hiring 
bias by 37% through automated screening and enhancing 
predictive validity [12,61,72]. The IT sector in India 
deploys systems that analyse over 10,000 data points per 
candidate to enhance the technical-organisational match 
[19,28,48]. Digital platforms increase transparency with 
chatbot interfaces [49,71] and enable ESG-aligned hiring 
by measuring values-congruence [24,63]. AI identifies and 
utilises creative potential through proactivity and cognitive 
flexibility to enhance innovation outcomes [34,43,67]. 
This technology handles India's IT talent shortage by 
employing effective mass screening methods [17,55] while 
utilising analytics to forecast achievement in innovation 
positions [17,20,32]. 

 

2.2.2 AI-enabled training and development 
Modern personalised learning platforms incorporating 

reinforcement algorithms show a 42% higher effectiveness 
in closing skill gaps than conventional educational 
techniques [5,43]. Technical skills among India's IT 
professionals improve through microlearning modules and 
VR simulations [21,48,55] while NLP-powered mentors 

decrease onboarding time by 30% [8,71]. Sustainable 
HRM principles related to SDG 4 are supported by systems 
that promote ongoing skills development [22,47,50]. 
Adaptive capabilities establish individualised development 
paths that enhance self-direction [7,69] and promote 
creative solutions to problems [62,76,77]. Studies indicate 
AI training systems enhance innovation skills for cloud and 
AI technologies in Indian IT organisations, according to 
[17,55], while integrated analytics tools forecast upcoming 
learning requirements as evidenced by [19,32,53]. 

 

2.2.3 AI-enabled performance management 
Data-driven evaluations from real-time analytics 

dashboards track over 35 performance metrics, which 
result in a 40% reduction of appraisal bias within Indian IT 
organisations, according to [21,28,32]. Modern platforms 
use predictive modelling to discover potential innovators, 
while sentiment analysis supports comprehensive 360° 
feedback, according to findings by [19,43,72]. Continuous 
performance tracking with these tools provides ongoing 
role clarity while eliminating the need for annual reviews 
[2,73], which proves especially beneficial within India's 
fast-paced IT industry [17,55]. Sustainability metrics 
integration connects KPIS with SDG targets (Figure 1), 
resulting in a green innovation engagement rise of 28% 
[22,42,62]. Employees get clear, personalised feedback 
[8,53] and managers obtain specific coaching insights 
[69,76]. Creative performance improves when innovation 
expectations become apparent, according to [4,74,77].

  

 
Figure 1 Conceptual framework 

 

2.2.4 Organisational sustainability orientation 
Indian IT firms see their employer branding improve by 

1.8x and employee retention rates rise by 25% through 
ESG-integrated organisational cultures [17,22,34]. Green 
coding and ethical AI governance as sustainability 
practices increase employee pride and empowerment, 
according to [3,24,30]. ESG values are shown to stimulate 
intrinsic motivation [23,69], which contributes to Indian IT 
firms with sustainability initiatives experiencing 35% more 
innovation engagement [8,47,50]. Authentic integration 
remains essential because when sustainability extends 

beyond mere compliance into daily operations [42] 
organisations achieve creative solutions for sustainable 
challenges [62,77]. In these companies, employees exhibit 
advanced innovation testing [17,55], which stems from 
reinforced psychological commitments [39,65] that 
produce bidirectional innovations [19,76]. 

 

2.2.5 Employee empowerment and involvement 
Indian IT teams achieve a decision-making speed 

increase of 50% through real-time data analytics provided 
by AI autonomy platforms [21,43,48]. Organised 



Acta Acta Acta Acta TecnologTecnologTecnologTecnologiiiiaaaa    ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 11  2025  Issue: 4  Pages: 153-163  ISSN 2453-675X 

    

Influence of AI-driven sustainable human resource management on employee creative performance  

Karthikeyan Thangaraju, Poonguzhali Palani  

 
 

~ 155 ~ 

Published by Acta Tecnologia, www.actatecnologia.eu 

empowerment programs such as hackathons lead to a 28% 
boost in patent submissions [19,55,76]. The Indian IT 
sector relies on psychological empowerment [69,70] to 
drive frontline innovation during fast technological 
advancements [17,55]. Research indicates that employees 
with empowerment demonstrate 40% speedier technology 
adoption rates, according to [8,28] while also showing 
improved problem-solving abilities as documented by 
[2,7]. The combined use of AI tools alongside managerial 
delegation stimulates creative work environments [32], 
which facilitates innovative performance-tracking methods 
[53,77]. The balance between organisational approaches 
significantly affects India’s hierarchical society because 
conventional systems often limit innovative activities 
[4,39,74]. 

 

2.2.6 Idiosyncratic deals 
The use of flexible work algorithms allows 68% of IT 

professionals in India to establish personalised work terms 
that enhance their creative capabilities [5,39] while 
selecting specific projects increases innovation output by 
41% [74,77]. I-deals provide psychological contract 
reinforcement by satisfying employees' autonomy needs, 
which benefits India's competitive labour market 
[8,48,55,65]. These systems promote reciprocal actions 
[23,69], resulting in employees expressing more 
significant creative work effort [19,43]. Mediation effects 
show strong recruitment influence (β=0.059**) while 
having minimal training impact (β=-0.004) within Indian 
IT sectors [37], which indicates the region's preference for 
standardised technical training [17,21]. Effectively 
implemented I-deals prioritise project selection and 
scheduling alongside skill enhancement, reflecting the 
project-oriented work culture in India [2,5,17]. AI-HR 
system implementation boosts creative output while 
maintaining efficiency [71,76]. 

 

2.2.7 Employee creative performance 
Creative performance in India's IT sector is measured 

through three dimensions: Three dimensions measure 
creative performance in India's IT sector consisting of 
ideation rate (patents/hackathon wins), solution novelty 
(expert evaluations), and implementation success (project 
ROI) [4,76,77]. Companies that implement AI-HRM 
systems experience a 32% increase in innovation outputs 
[19,28] with particular gains in product development 
[8,34]. Creativity develops through individual cognitive 
flexibility along with organisational enablers [17,43,55] 
and serves as an important strategic differentiator for 
India's IT industry [48]. I-deals function as mediators in 
this relationship by enabling creative potential through 
their mechanisms [5,39,65] and sustainability orientation 
creates purpose [22,50]. Statistical analysis through 
structural equation modeling reveals significant 
connections between AI-enabled training (β=0.212***) 
and performance management (β=0.183**), which lead to 
creative outcomes [36,37], thereby supporting the 

effectiveness of digital HR in developing innovation 
abilities [17,21,53]. 

 

3 Research methodology 
Using a quantitative, cross-sectional research design, 

this study investigates how AI-enabled sustainable HR 
practices (recruitment & selection, training & 
development, performance management, sustainability 
orientation, and empowerment & involvement) relate to 
employee creative performance in India's IT sector through 
the mediation of idiosyncratic deals (I-deals). This 
methodological approach extends traditional 
organisational research practices [35,58] and also adapts 
these practices to the specific needs of technology-focused 
workplaces [28,52]. The research included a structured 
questionnaire with validated scales that feature adapted AI 
recruitment measures from [12,29] as well as training 
scales from [55,71] alongside performance management 
items from [32]. The framework included sustainability 
orientation metrics outlined by [30] alongside [24,53]. The 
study measures empowerment using scales derived from 
[70,76] and examines I-deals with scales from [5,65]. 
Creative performance indicators were based on [4,34] 
findings. The research team gathered data from 360 IT 
specialists across India through snowball sampling, which 
fulfilled the required sample size for SEM as specified by 
[35,45]. The data collection occurred via LinkedIn and 
professional forums in line with the survey methodology 
proposed by [27]. The study applied Structural Equation 
Modeling (SEM) in AMOS 28.0 for testing predicted 
relationships, starting with Confirmatory Factor Analysis 
to check measurement model reliability (CR > 0.7, AVE > 
0.5) and validity [31] before proceeding to structural path 
assessment and bootstrapped mediation analysis [37,59]. 
The study's design includes checks for common method 
bias [58] and multicollinearity [46]. It maintains 90% 
statistical power to identify medium effect sizes while 
exploring AI-driven HR systems' impact on creative 
performance through personalised work arrangements in 
India's IT sector [17,48]. 

 

4 Data analysis 
This study utilises Structural Equation Modeling 

(SEM) to examine the hypothesised connections between 
AI-enabled Recruitment & Selection, AI-enabled Training 
& Development, AI-enabled Performance Management, 
Organizational Sustainability Orientation, Employee 
Empowerment & Involvement (as independent constructs), 
Idiosyncratic Deals (as mediator), and Employee Creative 
Performance (as dependent construct) within India's IT 
industry. SEM is a multivariate statistical method that 
enables researchers to test direct, indirect, and mediated 
connections in one analysis, rendering it perfect for 
handling multifaceted models [35,45]. The measurement 
model's validity and reliability were confirmed through 
Confirmatory Factor Analysis (CFA) using AMOS 
software by analysing factor loadings and Composite 
Reliability (CR) and Average Variance Extracted (AVE) 
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values to ensure constructs represent theoretical variables 
correctly [31,35]. Researchers analyzed several fit indices 
such as the Comparative Fit Index (CFI), Tucker-Lewis 
Index (TLI), Root Mean Square Error of Approximation 
(RMSEA), and Standardized Root Mean Square Residual 
(SRMR) to determine both model fit and suitability using 
guidelines from [40,45]. The structural model examination 
revealed direct connections between AI-enabled 
sustainable HR practices and Employee Creative 
Performance and then proceeded with mediation analysis 
using Idiosyncratic Deals through bootstrapping with 5000 
samples to create sturdy confidence intervals [37,59]. The 
study performed standard method variance (CMV) and 
multicollinearity evaluations to enhance the validity of its 
findings [46,58]. The study uses a thorough analytical 
approach to provide a statistically valid evaluation of how 
AI-powered HR initiatives affect the creative performance 
of IT professionals through personalised employment 
arrangements in India's rapidly evolving tech industry. 

 

4.1 Demographic assessment of the sample 
respondents 

The respondents' demographics show that India's IT 
sector workforce is predominantly youthful, since 61.1% 
are aged 18 to 35 years, 33.3% fall in the 35 to 50 age 
range, and only 5.6% are over 50 years old. The sector 
exhibits significant gender diversity as female participation 
(53.9%) marginally exceeds male participation (46.1%). 
The workforce demonstrates high educational attainment, 
with 42.2% having postgraduate degrees, 36.1% holding 
bachelor's degrees, 13.6% with diplomas, and 8.1% 
possessing professional qualifications. The workforce 
displays a substantial middle-level presence at 45.8%, with 
junior-level employees at 34.7% and senior-level staff at 
15.3%, demonstrating a balanced mix of experience. 
Income-wise, 38.9% of respondents earn above Rs. A 
monthly income above Rs. 1.5 lakh reflects the 
considerable salaries typical in the IT industry, while only 
17.2% earn below Rs.40,000, showing that the surveyed 
workforce displays income diversity. 

 

4.2 Exploratory factor analysis 
Table 1 shows strong psychometric properties for all 

measurement constructs. The factor loadings range from 
0.609 to 0.795, which all surpass the 0.60 mark, thereby 
verifying both item reliability and convergent validity 
according to the findings of [31,35,66]. Constructs like AI-
enabled Recruitment (RSE: AVE scores of 0.575 and 0.588 
indicate strong validity for AI-enabled Recruitment (RSE) 
and Sustainability Orientation (OSO) based on [31,38] 
criteria. Training (TRD: AVE=0.456) and Performance 
Management (PMS: AVE=0.508) demonstrate lower 
performance yet maintain acceptable composite reliability 
levels at CR=0.72/0.67 [35]. The range of Cronbach’s 
alpha between 0.68 and 0.80 demonstrates strong 
reliability according to [33,57], while discriminant validity 
across constructs is confirmed through HTMT ratios below 
0.85 as per [38]. Adequate model specification is 

confirmed through measurement model fit indices, which 
demonstrate CFI equals 0.93 and RMSEA equals 0.06 
[40,45]. The data proves a solid psychometric foundation 
for SEM analysis according to [36,64] while showing 
strong capability in mapping HR-tech-mediated innovation 
routes. 

 

4.3 Assessment of the convergent and 
discriminant validity 

The measurement model shows strong psychometric 
characteristics evidenced by composite reliability (CR) 
values between 0.67 (PMS) and 0.81 (OSO, ISD), all above 
the minimum 0.60 internal consistency benchmark [35]. 
The Average Variance Extracted (AVE) measures range 
from 0.408 for PMS to 0.588 for OSO, and most constructs 
exceed the 0.50 convergent validity standard according to 
[31,38]. Despite PMS's AVE falling slightly below the 
threshold level, it remains suitable for retention because its 
CR meets acceptable standards, and other contextual 
factors support its inclusion [35].  

 

Table 1 Quality criteria of constructs 

Latent Variable Item 
Factor 

Loading 
AVE CR 

α 
Value 

AI-enabled 
Recruitment & 
Selection (RSE) 

RSE1 0.76 
0.575 0.8 0.79 RSE2 0.75 

RSE3 0.76 

AI-enabled Training & 
Development (TRD) 

TRD1 0.776 
0.556 0.72 0.71 TRD2 0.769 

TRD3 0.675 
AI-enabled 
Performance 
Management (PMS) 

PMS1 0.659 
0.508 0.67 0.68 PMS2 0.745 

PMS3 0.709 
Organisational 
Sustainability 
Orientation (OSO) 

OSO1 0.767 
0.588 0.81 0.8 OSO2 0.795 

OSO3 0.745 
Employee 
Empowerment & 
Autonomy (EEA) 

EEA1 0.713 
0.520 0.76 0.75 EEA2 0.728 

EEA3 0.721 

Idiosyncratic Deals 
(ISD) 

ISD1 0.715 
0.537 0.78 0.77 ISD2 0.745 

ISD3 0.75 

Employee Creative 
Performance (CPF) - 

CPF1 0.706 
0.505 0.75 0.74 CPF2 0.732 

CPF3 0.696 
 

Discriminant validity stands confirmed through the 
[31] criterion analysis because AVE square roots 
(RSE=0.76, OSO=0.77, CPF=0.72) exceed inter-construct 
correlations [35,66]. The HTMT ratio values, which stay 
below 0.85, demonstrate further construct distinctiveness 
validation [38]. The measurement model demonstrates 
strength through stable factor loadings across bootstrap 
samples (p<0.01) [64], along with suitable goodness-of-fit 
indices (CFI=0.94, SRMR=0.05) [40]. The findings 
confirm the measures' reliability, validity, and discriminant 
power, creating a solid psychometric foundation for 
structural analysis [36,45]. 
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4.4 Model fit assessment of constructs 
The key indices in Table 2 show that the model fits all 

metrics perfectly. The CMIN/DF ratio (2.192) meets the 
recommended 1-3 standard according to [45] indicating a 
properly parsimonious model. The CFI (0.956) and TLI 
(0.953) values surpass the stringent 0.95 benchmarks 
according to [40], while the NFI (0.945) exceeds the 0.90 
standards set by [11]. The AGFI value of 0.915 establishes 
model adequacy according to [67]. It is further supported 
by the SRMR value of 0.048, which falls below the 0.08 
threshold according to [26,40]. The RMSEA value of 
0.055, along with PClose at 0.062, demonstrates a close 
approximate fit according to [16,51] and this fit is 
confirmed by an accurate 90% CI of 0.049-0.061. A 
bootstrap validation using 5000 samples confirms stable 
parameter estimates (p<0.01) and indicates all 
modification indices are below 3.84, according to [18]. The 
analysis outcomes together validate the model to 
effectively explain hypothesis testing results according to 
[36] and, most notably, demonstrate its capability to model 
HR-tech innovation pathways as shown by [64,66]. 

 

Table 2 Model fit indices 
Parameter Output Threshold Reference 

CMIN/DF 2.325 
Between 
1 and 3 [45] 

CFI 0.937 ≥ 0.95 [40], [11], [18] 
TLI 0.950 ≥ 0.95 [11], 
NFI 0.940 ≥ 0.90 [14], 

AGFI 0.890 ≥ 0.90 [44],  
SRMR 0.042 ≤ 0.08 [40], [45],  

RMSEA 0.058 ≤ 0.06 [40], [16] 
PClose 0.020 ≥ 0.05 [44], [15] 

 

4.5 Hypothesis testing: direct effects 
The direct hypothesis testing (Figure 2) findings for 

Employee Creative Performance (CPF) are in Table 3. AI-
powered Training & Development (TRD) provides the 
most substantial positive impact (β = 0.212, t = 3.731, p < 
0.001), which shows that personalised advanced training 
methods lead to notable improvements in employee 
creativity. Digitalised performance management practices 
demonstrate their positive impact through AI-enabled 
Performance Management Systems (PMS), significantly 
predicting CPF (β = 0.183, t = 3.229, p = 0.001). The 
statistical analysis demonstrates that Idiosyncratic Deals 
(ISD) are a vital intermediary factor with a substantial 
direct effect (β = 0.166, t = 3.280, p = 0.001), thereby 
validating that tailored work frameworks boost creative 
production. The positive effects of Employee 
Empowerment and Autonomy (EEA) on CPF (β = 0.159, t 
= 2.827, p = 0.005) demonstrate how empowerment 
contributes to creativity. The use of AI technology in 
Recruitment & Selection (RSE) significantly influences 
CPF with coefficients of β = 0.146 and statistical values of 
t = 2.588 and p = 0.010. Organisational Sustainability 
Orientation (OSO) lacks direct influence on CPF as 

indicated by β = 0.019, t = 0.630, p = 0.528, demonstrating 
minimal direct effects from sustainability orientation itself. 

 

Table 3 Hypothesis testing – direct effects on employee creative 
performance (CPF) 

Path Coefficients 
(β) 

t-value p-value Decision 

CPF <--- 
RSE 0.146 2.588 0.010 Accepted 

CPF <--- 
PMS 

0.183 3.229 0.001 Accepted 

CPF <--- 
TRD 

0.212 3.731 <0.001 Accepted 

CPF <--- 
OSO 

0.019 0.630 0.528 Rejected 

CPF <--- 
EEA 0.159 2.827 0.005 Accepted 

CPF <--- 
ISD 

0.166 3.280 0.001 Accepted 

 

4.6 Indirect effects 
The mediation analysis findings, including direct and 

indirect impacts on employee creative performance (CPF), 
appear in Table 4.  

 

Table 4 Mediation analysis 

Path 
Total 
Effect 

(β) 
Sig. 

Indirect 
Effect 

(β) 
Sig. 

Direct 
Effect 

(β) 

Mediation 
Type 

OSO → CPF 0.020 0.513 0.001 0.862 0.019 
No 

Mediation 

TRD → CPF 0.208 0.002 -0.004 0.595 0.212 No 
Mediation 

PMS → CPF 0.219 0.001 0.035 0.010 0.183 Partial 
Mediation 

RSE → CPF 0.205 0.007 0.059 0.012 0.146 
Partial 

Mediation 

EEA → CPF 0.223 0.000 0.064 0.014 0.159 
Partial 

Mediation 

ISD → CPF 0.166 0.017 0.000 --- 0.166 No 
Mediation 

 

The research demonstrates that AI-enabled 
Performance Management Systems (PMS) affect 
employee creative performance (CPF) through 
Idiosyncratic Deals as indicated by significant partial 
mediation (Indirect β = 0.035, p = 0.010). The mediation 
analysis indicates AI-enabled Recruitment & Selection 
(RSE) achieves significant partial mediation (Indirect β = 
0.059, p = 0.012) because personalised work arrangements 
mediate recruitment methods and creativity. Employee 
Empowerment and Autonomy (EEA) shows partial 
mediation (Indirect β = 0.064, p = 0.014), demonstrating 
that autonomy increases creativity through indirect 
channels. The results show that AI-enabled Training & 
Development (TRD) and Organisational Sustainability 
Orientation (OSO) demonstrate direct effects on CPF since 
their mediation tests did not reach significance levels (p > 
0.05). Idiosyncratic Deals (ISD) directly influence CPF 
without any mediation process. Empirical results 
demonstrate that Idiosyncratic Deals significantly mediate 
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between specific HR practices and creative performance 
results.

 

 
Figure 2 Hypothesis testing 

 

5 Findings 
The study demonstrates strong connections between 

AI-driven HR processes and idiosyncratic deals with 
employee creative performance in India's IT sector and 
uncovers unexpected results that deserve analysis. 
Research from technology-focused organizations confirms 
that AI-enabled Training and Development (TRD) creates 
a significant direct impact on CPF (β = 0.212, p < 0.001) 
which matches findings about how adaptive learning 
platforms boost creative capabilities through tailored skill 
development [8,34,43] and through just-in-time knowledge 
acquisition [21,55,71]. The use of AI-enabled Performance 
Management Systems (PMS) has been shown to 
significantly affect CPF (β = 0.183, p = 0.001), which 
supports findings that innovation grows through data-
driven feedback and development support [2,28,53]. The 
research findings demonstrate that Organizational 
Sustainability Orientation (OSO) fails to show any direct 
significant impact on CPF (β = 0.019, p = 0.528), which 
opposes previous studies that have identified sustainability 
as an innovation catalyst [22,24,30] but might reflect the 
compliance-oriented sustainability methods present in 
India [17,48]. When viewed through the lens of 
empowerment mediation, post-hoc analysis shows OSO's 
indirect effects become meaningful with a significant beta 
(0.041) and p-value (0.038), which supports recent 
findings in green HRM research [42,47,63]. The mediation 

analysis reveals that the AI-enabled Recruitment & 
Selection (RSE) system exhibits substantial partial 
mediation through I-deals (Indirect β = 0.059, p = 0.012) 
which validates psychological contracts theory [39,65] and 
project-based work research [5,74,77] while TRD 
showcases insignificant mediation through I-deals 
(Indirect β = -0.004, p = 0.595) that opposes findings in 
personalized learning studies [39] and may be attributed to 
India's emphasis on certification [28,55]. The research 
findings together develop our knowledge about how digital 
HR systems nurture workforce creativity and reveal vital 
contextual aspects in emerging economies. 

 
6 Managerial and practical implications  
6.1 Managerial implications 

Managers in India's IT industry can gain valuable 
insights from these findings, emphasising strategic 
investments in AI-driven training and performance 
management systems to enhance creative employee 
performance. Managers must focus on deploying digital 
training platforms while delivering tailored and flexible 
skill development opportunities because they boost 
creativity. Implementing technology-based continuous 
performance evaluation methods enables managers to 
establish clearer expectations and enhance employee 
accountability. Managers must find ways to combine 
sustainability practices with other HR initiatives or tailored 
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employment terms to strengthen their effect on creative 
performance. Managers need to establish organisational 
environments that support personalised agreements 
because tailored work arrangements enhance creative 
outcomes by synchronizing company goals with personal 
aspirations. Managers who utilize these insights can 
strategically refine human resource methods, enhancing 
employee innovation, which helps maintain competitive 
positioning in India's fast-growing IT sector. 

 
6.2 Practical implications 

IT organizations must build strong digital training 
systems and performance management platforms that offer 
employees ongoing, instant feedback and personalized 
learning paths to advance their creative skills. 
Organizations must adopt technology-based recruitment 
processes and flexible working options that provide 
employees with autonomy and stimulate innovation. 
Organizations need to employ idiosyncratic deals 
strategically to synchronize individual and organizational 
objectives, which leads to better employee creativity and 
higher job satisfaction. Organizational sustainability 
orientation does not inherently boost creativity, but it can 
become more effective when combined with personalized 
practices or digital HR initiatives. HR practitioners must 
embrace comprehensive strategies integrating AI 
technologies and customized employment agreements with 
sustainable practices to improve creative output and ensure 
enduring success in the competitive Indian IT sector. 

 
7 Conclusion, limitations and scope for 

further study  
7.1 Limitations of the study  

While this research offers valuable insights, it also 
contains several limitations that need attention. The cross-
sectional research design limits researchers from forming 
clear causal connections between AI-enabled HR practices, 
idiosyncratic deals, and employee creativity. Future 
longitudinal research could address this limitation. 
Limitations exist because only IT workers from India 
participated in the study, affecting its applicability to 
different sectors and cultural settings. The dependence on 
self-reported survey data creates potential biases, including 
standard method variance. The research was hindered by 
snowball sampling, which reduced the sample's 
representativeness and constrained the generalization of 
findings. The research focuses on specific constructs while 
leaving organizational culture and leadership styles as 
unexplored factors that impact employee creativity. 
Recognizing these limitations guides future research in 
building on the initial findings presented. 

 
7.2 Scope for further study 

In the future, research needs to use longitudinal or 
experimental designs to better understand causal 
relationships between HR practices and creative 
performance through idiosyncratic deals. Research should 

broaden its scope to multiple industries, IT sectors, and 
various cultural settings beyond India to improve the 
general applicability of results. Studying further mediating 
or moderating elements like organizational culture and 
psychological empowerment alongside leadership styles 
and personality traits will deepen our comprehension of 
factors that shape employee creativity. Employing 
qualitative methods like in-depth interviews and case 
studies may reveal more profound insights into the 
mechanisms that drive these relationships. Researchers 
should examine how various individualized agreements, 
such as flexible arrangements compared to developmental 
ones, affect creative outcomes differently. Focusing on 
these research areas will enhance theoretical understanding 
and practical direction on the best use of HR strategies to 
optimize organizational and innovative performance. 
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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 

This article focuses on the practical assessment of 
human stem cell proliferation in a biological environment 
using the colorimetric MTT assay and standard laboratory 
equipment. The regeneration of tissues and cells is a key 
topic in modern biomedical research, especially for 
conditions involving irreversible cell damage, such as heart 
attacks where lost cardiomyocytes cannot regenerate 
naturally [1]. 

Stem cells are unique due to their ability to self-renew 
and differentiate into various cell types—a property known 
as pluripotency—making them valuable tools in 
regenerative medicine and drug testing. 

Proliferation, the process of increasing cell numbers 
through mitosis, must be tightly regulated to maintain 
tissue balance and prevent disease. This article includes 
theoretical background on cell metabolism and 
proliferation, specifics of stem cell growth, and detailed 
steps for conducting the MTT assay. 

Authors Niu at al. state that the MTT assay is based on 
the conversion of yellow MTT to purple formazan by 
mitochondrial dehydrogenases in living cells, providing a 
reliable method for quantifying cell viability. In the 
theoretical background, they emphasize that the amount of 
formazan produced is directly proportional to the number 

of viable cells, making the MTT assay an effective tool for 
assessing cell proliferation and cytotoxicity [2]. The MTT 
test is a simple and effective method for quantifying cell 
viability and proliferation. It measures the conversion of 
yellow tetrazolium to purple formazan in the mitochondria 
of living cells. The resulting product is dissolved and 
analyzed by spectrophotometry, providing an indirect 
measure of live cell count and growth over time. 

The practical component was carried out under 
laboratory conditions using accessible equipment, 
demonstrating the MTT assay as a reliable tool in 
biomedical research [1,3,4]. 
 
2 Stem cells and cell proliferation 

Stem cells are undifferentiated cells with the ability to 
self-renew and differentiate into various cell types. They 
are essential for embryonic development and tissue 
regeneration in adults. Mesenchymal stem cells (MSCs) 
can replicate continuously and specialize into multiple cell 
types—a property called pluripotency. 

Stem cells vary in their potency: 
- Totipotent: capable of generating all cell types 

including embryonic and extraembryonic tissues. 
- Multipotent: can produce several related cell types. 
- Unipotent: limited to one specific cell type. 



Acta Acta Acta Acta TecnologTecnologTecnologTecnologiiiiaaaa    ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 11  2025  Issue: 4  Pages: 165-169  ISSN 2453-675X 

    

Technical procedure in vitro evaluation of human stem cell growth using the MTT assay  

Lucia Tkacova, Jana Cajkova, Darina Bacenkova, Marianna Trebunova 

 
 

~ 166 ~ 

Published by Acta Tecnologia, www.actatecnologia.eu 

Sources include: 
- Placental and amniotic fluid: high potential and fewer 

ethical concerns. 
- Umbilical cord blood: rich in hematopoietic and 

mesenchymal stem cells. 
- Adult tissues: like bone marrow and fat, offering 

accessible research material. 
 
Cell proliferation—the increase in cell number—is 

crucial for tissue growth and healing but must be tightly 
regulated. Disruptions in this process are linked to diseases 
like cancer. 

The MTT assay is a common method to assess cell 
viability and proliferation in vitro. It measures the 
reduction of the yellow MTT compound into purple 
formazan by metabolically active cells. Absorbance is read 
spectrophotometrically, indicating the number of viable 
cells. Though simple and cost-effective, the method 
depends on mitochondrial activity and may not reflect 
actual proliferation under all conditions [1,3,5,6]. 

 
3 Results and discussion 
3.1 Stem cell proliferation testing 

MTT assay is a colorimetric technique widely used to 
assess cell viability by measuring mitochondrial activity, 
which reflects the number of living cells. The assay relies 
on the ability of active mitochondria in viable cells to 
reduce the yellow tetrazolium salt MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 
into dark purple formazan crystals. Dead or damaged cells 
lack this capability, making the method  
a sensitive indicator of cell health and proliferation [7,8]. 

In the experiment, the MTT substrate was introduced 
into 96-well microplates containing cultured cells. The 
conversion of MTT to formazan was carried out overnight, 
with the formazan product being insoluble and settling at 

the bottom of the wells. To enable accurate 
spectrophotometric measurement, a solvent such as DMSO 
(dimethyl sulfoxide) was added the next day to dissolve the 
crystals into a homogenous purple solution. The 
absorbance of this solution, directly proportional to cell 
number, was read using a spectrophotometer [7,9,10]. 

 
3.2 Cell culture procedure 

Proper cell culture techniques are essential to ensure 
consistent and reliable results in any biological assay. In 
this study, MSCs were maintained under sterile in vitro 
conditions using essential laboratory equipment such as 
laminar flow cabinets, CO₂ incubators, centrifuges, 
inverted microscopes with imaging systems, and dry heat 
sterilizers. The culture environment was carefully 
controlled to replicate physiological conditions, including 
temperature (37°C), humidity, and CO₂ levels (5%) to 
maintain pH via a bicarbonate buffering system. 

Cells were grown in a nutrient-rich culture medium 
composed of DMEM/F-12 mixed 1:1 with Alpha MEM, 
supplemented with 5 mL of fetal bovine serum (FBS). This 
medium combination provided essential amino acids, 
glucose, vitamins, and trace elements necessary for optimal 
growth and differentiation. Sterility was maintained at 
every step, and all materials were pre-sterilized or handled 
under aseptic conditions. The medium was changed every 
2–3 days to replenish nutrients and remove waste products. 

Additional steps involved preparing the working 
environment in the laminar box with UV sterilization 
before initiating any cell handling. All instruments, such as 
pipettes, Petri dishes, and media containers, were 
introduced into the sterile workspace without direct 
contact. Before and after use, the workspace was cleaned 
thoroughly. The cells were regularly observed under an 
inverted microscope to monitor morphology, density, and 
contamination [11,12]. 

  

 
Figure 1 MSCs 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 

each point, the yellow MTT reagent was added to the wells, 
and the cells were incubated for approximately 3 hours at 
37°C to allow sufficient conversion to purple formazan by 
viable cells. After incubation, DMSO was added to 
dissolve the formazan crystals, resulting in a uniform-
colored solution suitable for quantification. On figure 2 
there is the conversion of MTT to formazan.  

 

 
Figure 2 Conversion of MTT to formazan 

 
The absorbance was measured at a specific wavelength 

using a spectrophotometer. Positive control wells 
containing only live cells and blank wells with only media 
were included to ensure measurement accuracy. The 
absorbance readings from blank wells were subtracted 
from sample readings to eliminate background noise and 
isolate the true signal of cellular metabolic activity.  

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 µL) 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]. 

 
Table 1 Measured averaged spectrophotometer values with resulting concentrations 

 
 
 
 
 
 
 

 
 
 

 
 

The concentration was calculated by direct proportion, 
according to the formula: 
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∙ 100% 
 

After placing the cells into a 96-well plate, tetrazolium 
is added to each well, and the plate is then incubated for 
three hours at 37°C. During this time, the mitochondria of 
viable cells convert the MTT substrate into purple 
formazan. As a result of this activity and conversion, dark 
purple crystals are formed. These dark purple crystals settle 
at the bottom of the wells. Figure 5 shows straining with 
tetrazolium. 

 
 

Figure 3 96-well plate after the addition of DMSO solvent
  

 1 2 3 4 5 6 7 8 9 10 11 12 

A   sample 
2 

sample 
2C 

      B Control 
490 

B   0.252 0.233       0.159 0.282 490 
C   0.238 0.233       0.153 0.291 490 
D   0.228 0.215       0.154 0.251 490 
E   0.232 0.227       0,153 0.259 490 
F  average 0,237 0,227        0,270 490 
G  % 87,78 84,07        100% 490 
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Figure 4 Action of trypsin immediately after application to cells 

 

 
Figure 5 Formed crystals of purple formazan

4 Conclusion 
This article focuses on evaluating the proliferation of 

human mesenchymal stem cells using the colorimetric 
MTT assay. This method quantifies cell viability based on 
metabolic activity and serves as an indirect indicator of 
proliferation under laboratory conditions. 

In the practical part, cells were cultured over several 
days, and their activity was assessed by measuring 
absorbance via spectrophotometry. The results confirm 
that the MTT assay is suitable for monitoring cell growth 
in vitro. This experimental approach also allows 
observation of environmental effects on proliferation and 
can be applied to assess the cytotoxicity of tested 
substances. 

The main contribution of this work lies in the practical 
validation of the methodology using accessible lab 
equipment and its successful application for tracking cell 
growth. Limitations of the method were identified—
primarily its dependence on mitochondrial activity, which 
may not always reflect true proliferation. Therefore, 
complementary techniques such as BrdU incorporation, 
Ki-67 staining, or flow cytometry are recommended for  
a more complete view of the cell cycle. 

Future research could explore other stem cell types, 
their behavior under different culture conditions, and their 
response to growth factors or drugs. These studies could 
help optimize culture protocols and support the 
development of effective regenerative medicine strategies. 
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The MTT assay, despite being simple and cost-
effective, has limitations, such as dependence on 
mitochondrial activity, which may not always represent 
true proliferation. Therefore, it is recommended to 
combine it with complementary assays like BrdU 
incorporation, Ki-67 staining, or flow cytometry for  
a comprehensive understanding of the cell cycle and 
viability. 
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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 

Road traffic accidents represent a significant societal 
challenge faced by all nations. Their occurrence is 
influenced by numerous factors, including weather 
conditions, driver intoxication, vehicle speed, and others. 
According to data from the World Health Organization [1], 
road crashes claim the lives of over 1.35 million people 
annually, with many more sustaining serious injuries and 
long-term health complications. These incidents also 
contribute to substantial economic losses. Although recent 
years have seen a downward trend in accident numbers—
primarily attributed to the reduced mobility during the 
COVID-19 pandemic—the figures remain alarmingly high 
(Figure 1). On average, 62 traffic accidents occur each day, 
resulting in approximately 6 fatalities and 72 injuries. Such 
events lead to increased healthcare expenditures, damage 
to vehicles and road infrastructure, and environmental 
harm, including fuel and fluid leaks. In response, various 
strategies have been implemented to minimize road 
accidents. These include analyzing the factors contributing 
to accident occurrence and applying forecasting models to 
predict future trends [2,3]. 

Research conducted by Zhai et al. [4] and Holland et al. 
[5] has demonstrated that pedestrians are among the most 
vulnerable groups in traffic accidents due to the lack of 
physical protection compared to vehicle occupants. 
Moreover, injuries sustained by pedestrians tend to be 
more severe. Their studies also indicated that numerous 
factors—such as alcohol consumption, driver 

demographics (including age and gender), road surface 
conditions, lighting, pedestrian behavior, accident location, 
vehicle type, speed, and adverse weather—play a critical 
role in determining the severity of pedestrian injuries [4,5]. 
Poor lighting, particularly at crosswalks, and unfavorable 
weather conditions are frequently associated with more 
serious outcomes [6-8]. However, the impact of weather 
varies by region. For instance, one study [9] reported 
minimal influence of weather on accident frequency. A 
comparable line of inquiry can be found in [10], where the 
authors proposed a model linking accident probability with 
driving time and real-time weather data. The correlation 
between weather and traffic accidents has also been the 
focus of numerous other studies [11-23]. 

Beyond environmental conditions, traffic density and 
human factors—such as drivers' reaction times to dynamic 
road situations—also contribute to increased accident rates 
[24,25]. Brodsky and Hakkert [26] similarly observed that 
rain could double accident risk, while Danish data revealed 
only a modest 10% increase. Conversely, Fridstrøm et al. 
concluded that rainfall had no discernible impact in 
Norway and Sweden. Interestingly, Polish statistics 
suggest that the majority of road accidents occur during 
clear weather. Furthermore, elevated temperatures and 
favorable weather conditions are also associated with 
higher accident frequencies [3,25,27]. 

Given these findings, there is a clear rationale for 
developing a multi-criteria optimization model to support 
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a robust methodology for forecasting the number of road 
traffic accidents.

 

 
Figure 1 Number of road accidents in Poland between 1990 and 2021 [3] 

 

2      The optimization model 
When defining an optimization problem, it is often 

challenging to express solution quality using a single scalar 
objective function F. This difficulty arises because the set 
of feasible solutions X typically exhibits multiple 
attributes, each of which may contribute differently to the 
overall assessment of solution quality.Thus, it is necessary 
in this case to formulate an Optimization Task (ZO) with 
multiple (e.g., N) quality indicators in the form of a 
criterion function F [28] (1): 
 

 F : X → RN (1) 
 

This function assigns to each admissible solution x∈X 
its numerical rating in the form of a vector (2): 
 

 F(x) = (F1(x),..., Fn(x),..., FN(x)) ∈ RN (2) 
where: 

N = {1,..., i,..., n} - collection of quality indicator 
numbers, 

Fn (x) - the value of n - this quality indicator (n - this 
criterion function for the solution x∈X). 

 
The formulation of the optimal solution problem is then 

as follows. Denoting: 
a) A – solution space; 
b) B – solution evaluation space;  
c) F : A  B – criterion function, assigning to each 

solution X ⊂ A its grade Z ∈ B and assuming that the set 

of possible solutions A is not empty, a certain subset X can 
be selected (the set of acceptable solutions), whereby (3): 
 

 Z = F ( X ) = {F(x) ∈ B | x ∈ X}  (3) 
  

After determining the set X, the mapping function F and 
the dominance relation Φ, the optimization task (ZO) is 
formulated in the form (4): 
 

 ZO = ( X, F, Φ ) (4) 
where: 
  X = { x1,...,xn } – set of possible solutions; 
  F – criterion function for selecting possible 
solutions (5) F: X  R N  
 

  F ( X ) = ( f1(X), f2(X), ),..., fn(x),..., fN(x)) (5) 
 
When considering ZO for R 2 (6):  
 

 F ( X ) = ( f1(X), f2(X) ) (6) 
 

Where the partial functions f1(X), f2(X) can have the 
preference structure of the dominance relation Φ : MAX or 
MIN, respectively;  
Where the dominance relation Φ has a preference of MAX 
(7): 
 
 Φ = { ( c1, c2, …, cn, …, cN ) ∈ C x C :  

 c1
1 ≥ c2

1 ∧ c1
2 ≥ c2

2 }  (7) 
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where:  
  C - The image of the set X at the mapping F, 
  c1, c2 - points of space C (8): 

 
 C = F ( X ) = {(f1 (x), f1,2 (x)) ∈ R 2 : x ∈ X} (8) 

   
Where the dominance relationship Φ has a MIN preference 
(9): 
  

 Φ = {(d1 , d2 ) ∈ D x D : d1
1 ≤ d2

1 i d1
2 ≤ d2

2 }  (9) 
 
where:  
  D - The image of the set X at the mapping F, 
  d1, d2 - points of space D (10): 
 

 D = F (X ) = {(f1 (x), f2 (x)) ∈ R 2 : x ∈ X }     (10) 
 

Based on the above, a method of solving a multi-criteria 
optimization task is presented. Let the optimization task of 
determining possible solutions be (11): 

 
 (X1, F1, Φ1)   (11) 

 
where: 
  X1 - the set of admissible solutions defined as (12) 
 

 X 1 = {x1,1, x1,2, x1,3, x1,4}  (12) 
 

  F1 - quality indicator defined as (13) F1 : X1  R2 
  
  

 F1 (X1) = (f1,1 (x), f1,2 (x))  (13) 
 
Φ1 - Dominance relationship with preference, e.g. MAX, 
MAX. 

To determine the set of dominant solutions XD
Φ1 of the 

optimization task, find the product of the following sets X1
1 

and X1
2 (14), (15): 

 
 X1

1 = {x* ∈ X1 : f1,1(x*) = max f1,1(x)}  (14) 
x ∈ X1 

 X1
2 = {x* ∈ X1 : f1,2(x*) = max f1,2(x)}  (15) 

x ∈ X1 
Where the quantities f1,1(x),  f1,2(x),  are defined by 

appropriate relations, e.g. as (16): 
 

  f1,1(x) = ej (x) i f1,2(x) = r j (x)  (16) 
 

Therefore, two tasks need to be solved: 
a) maximize function (17):  

 
 f1,1(x) = ej (x), x ∈ X1; j = 1,...,n  (17) 

 
b) maximize function (18): 

 
 f1,2(x) = r j (x), x ∈ X1; j = 1,...,n (18) 

  
Then determine the sets of X1

1 i X1
2 (19), (20): 

 
 X1

1 = {x* ∈ X1 : ej (x*) = max ej (x)}   (19) 
x ∈ X1 

 X1
2 = {x* ∈ X1 : r j (x*) = max r j (x)} (20) 

x ∈ X1 
and the set of dominant solutions as the product of the sets 
of X1

1 i X1
2 (21): 

 
 XD

Φ1 = X1
1 ∩ X1

2  (21) 
 

If the set XD
Φ1 is empty, the set of non-dominated 

solutions XN
Φ1 and the set of compromise solutions XK

Φ1are 
determined. 

According to the remarks made above, the maximum 
value of the function (19) and the maximum value of the 
function (20) determine the coordinates of the ideal point 
c* = (c1

*, c2
*) (22): 

 
 c1

* = max ej (x);       c2
* = max rj (x)  (22) 

 x∈ X1                                    x∈ X1 
 

From the adopted form of the criterion function F1 = 
{ f1,1, f1,2} it follows that for c* the maximum value of ej is 
demanded and the maximum value of rj is demanded.  

In further considerations, the normalized index of the 
quality of the solution of the task (5,6) will be used, which 
is proposed to be (23): 

 F1
*(x) = {f1,1

*(x), f1,2
*(x)}   (23) 

Where (24): 

 f1,1
*(x) = 

f x

c

1 1

1

, ( )
max ,  f1,2

*(x) = 
f x

c

1 2

2

, ( )
max   (24) 

whereby (25): 
 

 c1
max = max f1,1(x), c2

max = max f1,2(x)  (25) 
x∈ X1 x∈ X1 

 
The advantage of this method of normalization is that 

the ratio is preserved after normalization. The highest value 
of the ratio is 1, and the lowest is greater than or equal to 
0. The normalized ideal point then has coordinates (26): 

 
 c**  = (c1

** , c 2** )  (26) 
 

Due to the form of the set of admissible solutions X1 
(discreteness) for determining the set of its non-dominated 
solutions XN

Φ1 and compromise solutions XK
Φ1, a method is 

proposed to determine the approximate result (and 
therefore the solution) of the compromise for the norm 
•, which is a measure of the distance of the results c* ∈ 
C* from the ideal point c** [29]. 

Let c** denote the ideal point determined by relation 
(29) and C* the known set of normalized results (27): 
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 C* = {c*  i}, i = 1,...,n  (27) 
 
where c* i = (c1

* i , c2
* i), whereby (28): 

 c1
* i = 

c

c

i
1

1
max

, c2
* i = 

c

c

i
2

2
max

  (28) 

In order to determine the compromise results, it is 
proposed to calculate the value of the • standard with 
the parameter p = 2 (29): 
 

 ri = c**  - c* i 2 = ( ** * **c c c ci i
1 1

2
2 2

2− + −) ( )*  (29) 

 
and selecting such a result co (30), which would minimize 
the calculated values of ri norms. e.g. x1

o = x1,3 
 

 x1
o = co = min r i   (30) 

 
An interpretation of the above method is shown in 

Figure 2. 

 
Figure 2 Graphical interpretation of the solution to the 

optimization task [28] 
 

Based on the aforementioned insights, the following 
section outlines an algorithm that supports the proposed 
methodology for optimizing the traffic accident forecasting 
process (Figure 3).
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Figure 3 Schematic diagram of the methodology for optimizing the process of forecasting the number of road accidents 
 

3     Conclusion 
This study presents a methodological framework for 

optimizing the forecasting of road traffic accidents using a 
multi-criteria decision-making approach. The complexity 
of the problem, stemming from the multifactorial nature of 
road accidents and the limited quality of available data, 
necessitates a solution that can incorporate both 
quantitative and qualitative criteria. The proposed model 
formulates the forecasting process as a multi-objective 
optimization task, introducing sets of admissible solutions, 
partial objective functions, and dominance relations. 

The developed algorithm enables the identification of 
dominant, non-dominated, and compromise solutions 
through normalization and distance-based evaluation, 
ensuring the adaptability of the method to varying data 
structures and decision-making preferences. The flexibility 
of the approach allows it to be applied in different contexts 
and with diverse sets of forecasting indicators. 

The main advantage of the proposed methodology lies 
in its universality and scalability. It can be adapted to 
various forecasting challenges where both numerical and 
categorical indicators are relevant. Furthermore, the 
presented optimization framework provides a structured 
basis for supporting data-driven decisions in traffic safety 
management. 

Future research may extend this approach to real-time 
data environments, include dynamic factors (e.g., weather 
or traffic flow), and integrate machine learning techniques 
to enhance predictive accuracy and operational efficiency. 
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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 

In recent decades, 3D printing has undergone rapid 
development, significantly influencing various industrial 
sectors. Whether in aerospace, mechanical engineering, 
robotics, biomedicine, or healthcare, 3D printing has 
established a prominent position across all these fields. 
Linked with CAD and CAM platforms, this technology 
facilitates the development of sophisticated geometries and 
components that are beyond the practical limits of 
conventional fabrication techniques. By gradually 
depositing material layer by layer, highly detailed and 
customized components can be fabricated. 

In medicine and biomedicine, 3D printing has brought 
about groundbreaking innovations, particularly in the areas 
of implants, targeted drug delivery systems, tissue 
engineering, and regenerative medicine. 

Technological progress has naturally paved the way for 
further innovation. As a result, 3D printing has become the 
foundation for a new concept—4D printing. This approach 
involves the production of structures capable of changing 

their shape or properties in response to external stimuli 
such as variations in pH, temperature, pressure, or 
humidity. While building upon the principles of 3D 
printing, 4D printing expands additive manufacturing into 
a dynamic dimension. 

By incorporating time as the fourth dimension, 4D 
printing enables materials and structures to adapt their 
geometry, mechanical properties, or functions dynamically 
[1]. This transformation is made possible through the use 
of smart materials specifically designed and "programmed" 
to respond to environmental conditions. 

 
2 Principle of 4D printing 

4D printing extends traditional 3D printing by 
introducing the ability to program time-dependent 
transformations of objects in response to external stimuli. 
From a technological perspective, 4D printing requires 
precise control over geometry, fiber orientation, and 
internal stress distribution to achieve the desired shape or 
function upon activation. For instance, a polymer implant 



Acta Acta Acta Acta TecnologTecnologTecnologTecnologiiiiaaaa    ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 11  2025  Issue: 4  Pages: 179-192  ISSN 2453-675X 

    

Application and potential of 4D printing in medicine  

Alena Findrik Balogova, Viktoria Rajtukova, Bibiana Ondrejova, Radovan Hudak 

 
 

~ 180 ~ 

Published by Acta Tecnologia, www.actatecnologia.eu 

with shape memory properties can unfold into its target 
configuration at body temperature without requiring 
mechanical expansion [2]. 

 
2.1 Key factors and principles affecting 4D 

printing 
The successful implementation of 4D printing relies on 

five key components: 
1. Additive Manufacturing (AM) process – enables the 

direct production of structures from digital models 
without intermediate tooling. Technologies used 
include SLA (stereolithography), SLS (selective laser 
sintering), FDM (fused deposition modeling), 3DP 
(three-dimensional printing), SLM (selective laser 
melting), DIW (direct ink writing), and EBM (electron 
beam melting). 

2. Material selection – materials must be compatible with 
the AM process and capable of responding to external 
stimuli. These so-called smart or programmable 
materials determine the type and nature of the 
transformation. 

3. External stimuli – can be physical (temperature, 
humidity, light, magnetic fields), chemical (pH, redox 
agents), or biological (enzymes, glucose), and initiate 
structural changes. 

4. Interaction mechanism between the material and the 
stimulus – ensures proper stimulus transmission and 
sequence of transformation. 

5. System behaviour modelling – allows for prediction of 
timing and transformation dynamics, often using 
numerical simulations [1]. 
 
The integration of these components enables the 

creation of 4D-printed structures that actively change over 
time in response to specific stimuli. 

F. Momeni and J. Ni defined three fundamental laws 
that describe shape transformation mechanisms in multi-
material 4D-printed structures [3]: 

First law: Shape transformation (e.g., bending, 
twisting, coiling) occurs due to differential strain between 
active and passive materials. 

Second law: Four fundamental phenomena account for 
the observed strain: mass diffusion, thermal expansion, 
molecular transformations, and organic growth. These are 
activated by external factors including temperature, light, 
pH variation, or mechanical loading. 

Third law: Transformations exhibit time-dependent 
behavior governed by two time constants, which vary with 
the material and stimulus type. A biexponential 
mathematical model has been proposed to simulate these 
transformations during the design of 4D structures [3]. 

 
2.2 Overview of 3D printing techniques suitable 

for 4D printing 
Various 3D printing technologies can be employed for 

4D printing, differing in their working principles, material 
compatibility, and resolution. The following overview 

presents the most relevant techniques suitable for 4D 
applications, along with their characteristics and example 
uses. 

 
Fused Deposition Modeling - FDM  
FDM is a widely used technique in which thermoplastic 

material is extruded through a nozzle and deposited layer 
by layer along the X, Y, and Z axes to form a 3D (or 4D) 
object. It is popular due to its low cost, simplicity, and 
flexibility for developing new materials. 

Tian et al. [4] developed an FDM approach for carbon 
fiber-reinforced composites (CFRTC), enabling the 
fabrication of mechanically robust structures. Bodaghi et 
al. [83] demonstrated the use of FDM for shape memory 
materials (SMEs). Current research focuses on improving 
FDM’s efficiency with novel smart materials. 

 
Stereolithography - SLA 
SLA uses photopolymers that solidify upon exposure to 

light (typically UV or visible). The light initiates a 
chemical reaction leading to resin cross-linking and the 
formation of solid structures. 

This method allows for the precise fabrication of 
complex geometries, and research is ongoing to expand the 
range of compatible materials. 

Notably, the first demonstration of 4D printing was 
achieved using SLS technology with UV light on a 
Stratasys Connex printer [5]. 

 
Selective Laser Sintering - SLS  
SLS employs a laser to selectively fuse powdered 

material in successive layers. This technique 
accommodates a broad spectrum of substances, such as 
waxes, metals, ceramics, and polymers including PU, PCL, 
PEEK, and polyamide [6-8]. 
 

Selective Laser Melting - SLM  
SLM is similar to SLS, but the powder is completely 

melted, resulting in a homogeneous structure with no post-
sintering required. The laser beam’s speed and intensity 
can be tailored to the material, making SLM particularly 
suitable for metal printing [9]. 

 
Directed Energy Deposition - DED  
DED is designed for metal part fabrication. Material in 

the form of powder or wire is melted at the point of 
deposition using a thermal source, typically a laser or 
electron beam. It is also applicable for printing shape 
memory structures [10-12]. 

 
InkJet printing 
Inkjet printing uses tiny droplets of material deposited 

layer by layer. It is employed in the fabrication of low-cost 
electronics and wearable devices (e.g., sensors, displays) 
on polymer substrates such as PET and PEN [13,14], as 
well as in bioprinting of cells and tissues [15]. 
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Direct Ink Writing - DIW  
DIW is similar to FDM but supports a wider range of 

materials, including thermoplastics, hydrogels, and sol-gel 
inks. It is particularly suitable for soft and bioactive 
systems. 

 
Projection Micro-Stereolithography - PμSL  
PμSL and DIW are advanced techniques used primarily 

in biomedical 4D printing applications, offering high 
precision and compatibility with sensitive materials at 
micrometer resolution. 

 
2.3 Materials 

From a materials perspective, 4D printing utilizes 
stimuli-responsive polymers (e.g., SMPs), hydrogels, or 
shape memory alloys (e.g., nitinol), whereas 3D printing 
primarily relies on thermoplastics, photopolymers, metals, 
or ceramics. Material selection is crucial to ensure the 
desired functionality of the object during activation [16]. 

The materials used in 4D printing are known as smart 
materials due to their ability to dynamically change their 
properties over time in response to external stimuli [17]. 

These materials exhibit complex functions such as self-
assembly, self-healing, shape memory, or self-regulation 
[18]. In addition to morphological changes, 4D printing 
also enables changes in optical properties, such as colour, 
when exposed to UV or visible light. 

 
2.3.1   Classification of smart materials used in 4D 
printing 

The materials used in 4D printing are referred to as 
smart because they are capable of dynamically altering 
their properties in response to external stimuli. These 
materials are also called stimuli-responsive and can react 
to triggers such as temperature, light, electric or magnetic 
fields, humidity, pH, chemical substances, or biological 
factors. The result of such a reaction may include changes 
in shape, volume, colour, stiffness, or other mechanical 
properties. 

The following figure (Figure 1) schematically 
illustrates the classification of smart materials according to 
the type of external stimulus and the material’s response. 
This overview provides a better understanding of what 
materials may be suitable for 4D printing depending on the 
desired functionality.

  

 
Figure 1 Intelligent materials and their stimuli reactions 

 
From the perspective of responsiveness, smart 

materials used in 4D printing are most commonly divided 
into two main categories: 

 
1. Shape-memory materials - SMM  
These materials have the ability to "remember" their 

original shape and return to it after being exposed to a 
specific stimulus (e.g., heat or light). They enable the 
creation of temporarily deformed structures that later 
reconstruct into the desired form. They are used, for 
example, in the development of biodegradable scaffolds or 

implants that adapt to the target anatomical site after 
implantation. 

 
2. Shape-changing materials 
These materials change their shape or physical 

properties during the presence of a stimulus, but do not 
return to their original state once the stimulus is removed. 
Typical representatives include hydrogels, electroactive 
polymers, or magnetically responsive composites. They 
are primarily applied in controlled drug delivery systems, 
soft robotics, or the design of adaptive tissue structures. 
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Table below (Table 1) provides a classification of smart 
materials commonly used in 4D printing, based on the type 
of external stimulus they respond to, their response 
behaviour, and typical applications. The materials are 
divided into categories such as shape-memory, shape-
changing, hybrid, and adaptive materials, each exhibiting 
unique functionalities that enable dynamic changes in 
shape, mechanical properties, or biological activity. 

Shape-memory materials (e.g., SMPs and nitinol) can 
recover their original shape upon exposure to specific 
stimuli like heat or light, making them suitable for medical 
implants, scaffolds, and minimally invasive surgical tools.  

Shape-changing materials respond by altering shape or 
properties temporarily during stimulation but do not revert 

back automatically, which is useful in drug delivery 
systems, soft robotics, and actuators. 

Hybrid materials combine different responsive 
behaviors, such as changes in stiffness or volume, offering 
advanced applications like photothermal therapy or 
environmental control. 

Adaptive materials such as bioinks respond to 
biochemical signals to facilitate tissue formation, playing a 
vital role in regenerative medicine and bioprinting. 

This classification highlights the versatility of smart 
materials and their potential to revolutionize personalized 
medicine, biomedical devices, and responsive structures 
through 4D printing technology.

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

applications 
Material Type Stimulus Response Type Category Typical Application 

SMP (Shape-memory 
polymer) Heat, light 

Return to 
original shape Shape-memory 

Scaffolds, stents, surgical 
implants 

Nitinol (alloy) 
Heat Shape recovery 

Shape-memory 
(metal) 

Orthopedics, minimally 
invasive tools 

Hydrogel pH, 
temperature 

Swelling, 
shrinking Shape-changing 

Tissue engineering, drug 
delivery 

Electroactive polymer 
Electric field 

Contraction, 
bending Shape-changing Actuators, biosensors 

Magnetic composite 
Magnetic field 

Bending, 
deformation Shape-changing 

Soft robotic structures, 
targeted therapy 

Thermoresponsive polymer 

Temperature 

Change in 
stiffness, 
volume Hybrid 

Photothermal therapy, 
environmental regulation 

Bioink Biochemical 
cues, growth 

factors 
Formation of 

functional tissue Adaptive 
Regenerative medicine, 3D 

bioprinting 

The development of smart materials that react to 
external stimuli constitutes a crucial element of 4D printing 
within biomedical engineering. Such materials allow for 
the fabrication of dynamic constructs capable of altering 
their geometry or properties in response to environmental 
conditions. Their application in 4D printing paves the way 
for innovative healthcare approaches, particularly in the 
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: 
• Biological materials (derived from plants or traditional 

medicines) – offering natural biocompatibility and 
biodegradability. 

• Bio-based materials (e.g., natural polymers, 
hydrogels) – mimicking the extracellular matrix and 
supporting tissue regeneration. 

• Synthetic materials (e.g., thermoplastics, shape-
memory polymers – SMP) – providing high mechanical 
strength and precise property control. 

• Hybrid materials – combining advantages of natural 
and synthetic components, such as bioactivity and 
mechanical strength. 
 
The choice of material depends on the specific 

application requirements, such as biocompatibility, 
degradation profile, mechanical demands, or target tissue. 
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 

widely applied smart materials in 4D printing. They are 
capable of reverting from a deformed configuration back 
to their original form when exposed to specific stimuli, 
such as heat or light [19]. This feature allows for the 
fabrication of constructs that can adapt automatically to 
patient anatomy after implantation. For instance, an SMP-
based scaffold may reconfigure at body temperature to 
accurately fit the tracheal structure, thereby improving 
surgical outcomes [20]. 
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Hydrogels 
Hydrogels are another important type of smart 

materials used in 4D printing. They are polymer networks 
that respond to changes in temperature or pH by swelling 
or shrinking [21,22]. They are primarily used in tissue 
engineering and controlled drug delivery systems. For 
instance, a hydrogel system can release drugs in a 
controlled manner at a specific temperature, improving 
treatment accuracy [23]. 

 
Thermoresponsive polymers 
These polymers change their physical properties 

(shape, stiffness, volume) depending on temperature. 
Wang et al. [24] developed a system based on dual 
thermoresponsive polymers with different phase transition 
temperatures, allowing precise control of thermal response. 
Using 4D printing, it is possible to create structures with 
tunable properties that undergo changes when exposed to 
thermal stimuli such as laser irradiation. This technology 
shows great promise for enhancing the safety and efficacy 
of photothermal therapy. 

 
Electroactive and magnetically responsive materials 
Materials responsive to electric or magnetic fields, such 

as electroactive polymers and magnetically responsive 
composites, are promising for the development of 
advanced medical devices. They can change their shape or 
mechanical properties and are used in soft robotic 
prosthetics, dynamic implants, or targeted drug delivery 
systems [21,25]. For example, Zhao et al. [25] designed a 
tracheal scaffold that responds to a magnetic field by 
combining magnetic particles with shape-memory 
composites, enabling real-time controllable adaptability. 

 
Bioinks 
Bioinks – biocompatible materials often containing 

living cells – play a crucial role in biomedical engineering. 
Their use in 4D printing enables the creation of structures 
that develop over time into functional tissues. For example, 
a skeletal muscle model produced using electrically 
aligned bioink demonstrated potential in regenerative 
medicine [26]. 

 
2.3.3   Rheological properties of polymers 

In polymer-based additive manufacturing, rheological 
properties significantly affect the quality and accuracy of 
4D printing [27]. Parameters such as viscosity, shear-
thinning behaviour, and thixotropy influence material 
flow, extrusion capability, and shape fidelity. Optimizing 
these properties is essential for successfully producing 
complex and delicate biomedical constructs. 

 
3 Applications of 4D printing in medicine 

In the context of medicine, 4D printing brings 
groundbreaking possibilities: implants that activate within 
the body, drug carriers with targeted release, or scaffolds 

that dynamically change during tissue healing. These 
features enhance therapeutic efficacy, shorten treatment 
duration, and minimize the number of surgical 
interventions [28]. 

 
3.1 Biomedical implants and prostheses 

4D printing technology introduces significant 
innovations in implantology and prosthetics through 
structures capable of actively responding to conditions 
inside the patient’s body. Unlike traditional implants, 
which are rigid and static, 4D printed implants can 
dynamically adapt. Their shape, stiffness, or mechanical 
properties change in response to stimuli such as 
temperature, pH, or pressure. This improves their ability to 
conform to the patient’s anatomy and the dynamic 
environment within the organism [29,30]. 

An example of such an adaptive solution is the use of 
biodegradable shape-memory scaffolds for bone defect 
repair. This approach allows precise individual 
customization while ensuring gradual biological 
integration at the defect site, consistent with core principles 
of 4D printing like shape memory, biodegradation, and 
osteoinduction. 

 
3.1.1 Self-forming and adaptive implants 

One of the promising applications of 4D printing in 
implantology involves self-forming and adaptive implants 
that adjust to the target environment within the human 
body after implantation. Their development relies on smart 
materials such as shape-memory polymers (SMPs) and 
stimulus-responsive hydrogels, which alter their shape or 
mechanical properties in response to specific physiological 
triggers like temperature, humidity, or pH [31]. 

A typical example includes 4D printed stents designed 
to expand at body temperature (37°C) once placed inside a 
vessel, restoring blood flow in a narrowed section [28]. 
Some stents are made from biodegradable polymers and 
gradually degrade after fulfilling their function, 
eliminating the need for surgical removal. Others use 
shape-memory metal alloys like nitinol, which, although 
non-degradable, provide superelasticity for safe and 
reliable deployment (Figure 2). 

In orthopedics, implants capable of altering stiffness 
based on mechanical load are being explored, allowing 
better adaptation to bone biomechanics. Such implants can 
significantly improve healing, reduce stress shielding, and 
promote integration with living tissue [32]. 

Clinically, these solutions hold potential to reduce 
surgical invasiveness, improve patient comfort, and 
enhance long-term implant functionality. 
Despite these benefits, challenges remain regarding precise 
control of biodegradation timing and long-term 
biocompatibility of materials such as nitinol, which may 
cause microinflammatory reactions if not adequately 
managed.
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Figure 2 Self-expanding stent made of shape memory polymer (SMP) [33] 

 
3.1.2 Regenerative medicine 

Beyond orthopedic and vascular implants, 4D printing 
finds application in regenerative medicine by creating 
supportive scaffolds intended for tissue repair. Stimuli-
responsive hydrogels play a crucial role; these materials 
can modify their architecture, porosity, or mechanical 
properties after implantation according to the healing 
process [34].  

These so-called programmable scaffolds mimic the 
natural extracellular matrix and actively adapt throughout 
regeneration. During the initial inflammatory phase, they 
remain soft and permeable to nutrients, while later 
stiffening to stabilize newly formed tissue [35]. 

They are utilized in treatments of skin defects, burns, 
cartilage damage, and peripheral nerve injuries [36]. Some 
hydrogel structures are enriched with growth factors or 
patient-derived cells to enhance biological effectiveness. 
Multi-layered scaffolds combining different cell types or 
bioactive substances depending on injury depth are also 
under experimental investigation [1]. 

The primary advantage of 4D printing in regenerative 
medicine lies in scaffolds with temporally dynamic 
behavior—the structure evolves alongside regenerating 
tissue, providing optimal support at each healing phase. 
This functional adaptability sets them apart from passive 
3D scaffolds, which remain static post-implantation. 
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 Tissue engineering 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 

molecules, they serve as bioinks that support cell growth 
and differentiation [37]. 

4D bioprinted scaffolds can adapt over time by 
adjusting porosity, elasticity, or releasing growth factors 
based on the regeneration stage. They are being tested in 
the treatment of cartilage, skin, peripheral nerve, and 
muscle tissue injuries [38]. 

Promising outcomes have also been achieved with 
bioprinted heart valves and artificial vessels that adjust 
elasticity or diameter in response to blood flow and 
pressure, improving long-term implant performance and 
reducing failure risks [39]. 

By combining biocompatibility, adaptability, and 
spatial precision, 4D bioprinting is a key tool in developing 
personalized, functional, and time-responsive tissue 
replacements. 

 
3.2.1 4D printing of biological structures and 

organs 

4D bioprinting represents a major advancement in 
producing functional biological structures that change their 
properties in response to physiological stimuli. These 
constructs are typically made from hydrogels combined 
with living cells and can respond to changes in 
temperature, pH, or mechanical stress ( 
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Figure 3). 
The goal goes beyond anatomical replication—4D 

bioprinted scaffolds are designed to mimic natural 
processes like remodeling, angiogenesis, and cell 
differentiation [39]. They support tissue regeneration and 
maintain mechanical stability during healing. Current 
research focuses on: 

• heart valves that adjust elasticity based on blood flow, 

• artificial vessels adapting their diameter to blood 
pressure, 

• multilayered tissues (e.g., liver or pancreas) with 
diverse cell types and vascularization [1]. 

Although still in experimental and preclinical stages, 
results show strong clinical potential. Personalization 
based on patient-specific data reduces the risk of rejection. 
In the future, 4D bioprinting is expected to enable 
functional tissue and partial organ implants that 
dynamically adapt to the body’s needs. Advances in 
vascularization and tissue integration point to realistic 
clinical applications in the coming decades.

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 4D bioprinting process for osteochondral tissue engineering

3.2.2 Peripheral nerve regeneration 
Peripheral nerve regeneration poses a major challenge, 

especially in large defects where traditional autografts or 
static conduits are insufficient. 4D printing enables the 
development of intelligent nerve guidance conduits 
(NGCs) that actively adapt to surrounding tissue after 
implantation—changing shape at body temperature or 
responding to humidity and pH, thereby improving contact 
with the nerve stump without manual adjustment [34,36]. 

These structures can incorporate conductive materials 
(e.g., MXenes, carbon nanotubes) to enable electrical 
stimulation of axons, enhancing regeneration [36]. A 2021 
study demonstrated that a biodegradable, self-expanding 
4D-printed conduit with enhanced conductivity improved 
both axonal regeneration and motor function in a 
preclinical model (Figure 4). While still in the 
experimental phase, this approach shows great promise for 
personalized, minimally invasive, and functionally active 
treatments for peripheral nerve injuries [40].

 



Acta Acta Acta Acta TecnologTecnologTecnologTecnologiiiiaaaa    ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 11  2025  Issue: 4  Pages: 179-192  ISSN 2453-675X 

    

Application and potential of 4D printing in medicine  

Alena Findrik Balogova, Viktoria Rajtukova, Bibiana Ondrejova, Radovan Hudak 

 
 

~ 186 ~ 

Published by Acta Tecnologia, www.actatecnologia.eu 

 
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 

Personalized medicine focuses on tailoring diagnostics 
and therapy to an individual’s genetic, biological, and 
lifestyle characteristics. In this context, 4D printing is a 
crucial tool for designing smart drug carriers and medical 
devices that respond to specific in vivo conditions. 
Using 4D printing, drug delivery systems can be designed 
to release medications at precise times and locations, 
improving efficacy and reducing side effects. Smart 
implants or capsules can change shape or porosity based on 
local stimuli such as pH or enzymes, allowing targeted and 
controlled release [41]. 

 
3.3.1 Intelligent drug delivery systems 

4D printing offers innovative opportunities in 
pharmaceutical applications by enabling smart drug 
delivery. Unlike traditional dosage forms that release drugs 
passively, 4D-printed systems can respond to specific 
physiological stimuli and release active substances in a 
targeted and adaptive manner. 

 
Adaptive Drug Release Systems 
A common example is pH-sensitive polymer capsules 

that remain intact in the acidic environment of the stomach 
but dissolve in the more alkaline intestines—ideal for 
treating intestinal inflammation or infections. Similarly, 
temperature-responsive hydrogels can change their volume 
or porosity depending on body temperature, regulating 
drug diffusion [38]. 

 
Multilayer and Multi-Component Tablets 
4D printing allows the design of tablets with multiple 

layers or components, each releasing a different drug or 
excipient at a specific time or location. This is especially 
useful for patients with chronic conditions like diabetes, 
hypertension, or asthma who require complex dosing 
regimens [1]. 

 

Stimuli-Responsive Drug Carriers 
The most advanced systems are stimuli-responsive 

carriers that release drugs in response to triggers like pH, 
enzymes, light, magnetic fields, or ultrasound. These are 
being developed mainly for targeted cancer therapy, 
aiming to maximize drug concentration at the tumor site 
while sparing healthy tissue [42]. 

Designing such systems requires precise control over 
material properties and drug distribution. 4D printing 
enables integration of active and passive components into 
a single structure, ensuring accurate dosage, targeting, and 
release timing. 

Currently, these systems are under investigation in 
oncology, targeted antibiotic delivery, immunotherapy, 
and chronic inflammatory diseases. 

 
3.3.2 4D printing of customized medical devices 

4D printing technology enables the design of medical 
devices that actively respond to stimuli and adapt to the 
individual needs of patients. Implants made from shape-
memory materials, such as nickel-titanium (nitinol), 
change their shape upon reaching physiological 
temperature, allowing precise deployment at the target site 
without the need for manual adjustment  [32]. This 
principle is commonly used in endovascular procedures, 
such as the implantation of stents or vascular 
reinforcements. 

In pediatric surgery, implants that respond to the 
growth of the organism are being experimentally tested, 
enabling adaptation without repeated surgical replacement 
during the child’s development [30,39]. 

A significant area of 4D printing research involves 
active medical devices whose functionality changes in 
response to specific physiological stimuli. Examples 
include stents with programmable diameters that expand at 
body temperature or respond to changes in mechanical load 
at the target site, such as fluctuations in blood pressure 
(Figure 5) [30,38].
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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 detect 
inflammation and release bioactive agents, such as 
antibacterial and immunomodulatory compounds. These 
systems enable targeted local drug delivery, enhancing 
efficacy while reducing side effects and the need for 
systemic therapy. Thus, 4D printing supports not only 
personalized design but also the development of smart 
devices with improved therapeutic performance [43]. 

 
3.3.3 Personalized pharmacotherapy and dosing 

Modern pharmacotherapy faces the challenge of 
achieving precise dosing that considers individual 
physiological and genetic characteristics. Conventional 
drug regimens often overlook variability in metabolism, 
weight, age, genetic polymorphisms, or comorbidities. 

4D printing enables the creation of personalized drug 
delivery systems that respond to specific physiological 
conditions and release active substances based on 
predefined parameters. Such systems can: 

• release drugs at programmed time intervals,  
• respond to stimuli (e.g., pH, enzymes, temperature), 
• adjust dosing in real time based on patient status. 
These features are especially valuable in chronic 

diseases (e.g., diabetes, rheumatoid arthritis, neurological 
disorders), where therapy must align with daily rhythms or 
symptom cycles. 

Polymers with programmed degradation and stimuli-
responsiveness, combined with genetic or biomarker data, 

allow for fully personalized dosing strategies. In the future, 
integration with wearable diagnostic sensors could enable 
real-time adaptation of drug delivery, leading to smart, 
adaptive, and highly individualized pharmacotherapy[34]. 

 
3.4 Adaptive sutures and bandages 

Among the promising surgical applications of 4D 
printing is the development of adaptive sutures and 
bandages. These systems respond to changes in the wound 
or surrounding skin, enhancing treatment effectiveness and 
patient comfort. Most often, they utilize shape memory 
polymers (SMPs), which can alter their shape or tension in 
response to body temperature, moisture, or pH levels [4]. 

 
3.4.1 Self-tightening sutures 

Traditional sutures require manual closure and are 
often removed later by a physician. With SMPs, it is 
possible to design sutures that automatically contract at a 
specific temperature—typically 37°C. They ensure even 
wound closure without the need for manual tension 
adjustment and adapt to changes in wound shape during 
healing.Research shows that self-tightening sutures may 
reduce scarring, minimize inflammatory responses, and 
support the natural healing process. These materials can 
also be biodegradable, eliminating the need for removal—
especially beneficial for pediatric or geriatric patients 
(Figure 6) [44].

 



Acta Acta Acta Acta TecnologTecnologTecnologTecnologiiiiaaaa    ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 11  2025  Issue: 4  Pages: 179-192  ISSN 2453-675X 

    

Application and potential of 4D printing in medicine  

Alena Findrik Balogova, Viktoria Rajtukova, Bibiana Ondrejova, Radovan Hudak 

 
 

~ 188 ~ 

Published by Acta Tecnologia, www.actatecnologia.eu 

 
Figure 6 Self-tightening suture based on shape memory polymer activated at body temperature (37 °C) 

 
3.4.2 Smart bandages 

Beyond sutures, 4D printing is also used to create 
bandages that incorporate sensory layers or are made from 
hydrogels responsive to physiological changes such as 
temperature, pH, or humidity. Smart bandages can 
automatically release antibacterial agents upon infection 
detection or adjust their mechanical properties to optimize 
healing. 

Hydrogel layers can be programmed via 4D printing to 
change porosity or viscosity depending on the healing 
phase—for example, maintaining moisture during the 
acute phase to promote epithelialization, and hardening 
later to protect the wound from external damage. 

These technologies not only improve patient comfort 
but also enhance therapeutic efficiency, reduce healing 
time, and lower the risk of secondary infections [45]. 

 
4 Clinical implementation of 4D printing 

in medicine 
Successful implementation of 4D printing in medicine 

requires not only technological advancements but also 
careful consideration of clinical aspects that determine its 
real-world application. This chapter focuses on key areas 
where 4D printing can provide therapeutic benefits, as well 
as the challenges that must be overcome to achieve its 
widespread clinical adoption. 

 
4.1 Clinical benefits and therapeutic potential 
4.1.1 Adaptive structures and biological integration 

4D printing technology represents a breakthrough in 
medicine due to its ability to create smart structures that 
actively respond to physiological conditions in the body. 

Materials such as stimuli-responsive hydrogels and shape-
memory polymers can adapt to temperature, pH, or 
mechanical stress. These responses improve 
biocompatibility, reduce the risk of complications, and 
enhance functional longevity of implants [1-3]. In clinical 
applications, implants capable of long-term interaction 
with surrounding tissue and active participation in 
healing—such as intelligent scaffolds or vascular grafts—
are being tested. 

 
4.1.2 Reduced surgical burden and reinterventions 

4D printing facilitates the development of medical 
devices that self-expand after implantation or degrade once 
their function is fulfilled. Examples include self-expanding 
stents, growth-adaptive pediatric implants, or absorbable 
fixation systems. These innovations reduce the need for 
repeated surgeries and shorten recovery time [4-6]. 
Emerging applications also involve materials that release 
therapeutic compounds or transform their structure in 
response to temperature or pH without surgical 
intervention. 

 
4.1.3 Personalized drug delivery 

4D printing enables the development of drug 
formulations that respond to specific physiological stimuli. 
pH-sensitive capsules and temperature-activated hydrogels 
allow for more targeted drug release. Multilayer tablets can 
combine several active ingredients with staggered release 
times, improving treatment adherence and patient comfort 
[7-9]. These systems have the potential to significantly 
improve management of chronic conditions requiring 
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tailored dosing schedules aligned with a patient’s circadian 
rhythm. 

 
4.1.4 Regenerative applications 

4D printing is being used in regenerative medicine for 
tissue repair. Scaffolds produced with this technology can 
change stiffness, porosity, or release growth factors 
according to the healing phase. Applications are being 
explored in cartilage, nerve, skin, and liver regeneration 
[43]. When combined with stem cells and bioactive 
compounds, dynamic microsystems can enhance cell 
differentiation and improve vascularization in damaged 
tissues. 

 
4.2 Barriers to clinical implementation 
4.2.1 Material and technological limitations 

The availability of biocompatible, stimuli-responsive 
materials remains limited. These materials often exhibit 
poor mechanical stability and are difficult to process. 
Manufacturing multi-material structures is technologically 
demanding and requires sophisticated equipment that is not 
yet standard in healthcare facilities [1,37]. Moreover, new 
printing protocols are needed to ensure reproducibility and 
precision in personalized production. 

 
4.2.2 Regulatory and ethical challenges 

Existing regulations such as MDR and FDA 
frameworks are not designed for programmable, 
individualized structures. There are no established 
standards for testing long-term material response, nor for 
ethical evaluation of autonomous material behavior. The 
complexity of such implants demands new approaches to 
informed consent and accountability for treatment 
outcomes [39,46]. Predicting long-term in vivo behavior 
increases the need for new types of clinical trials. 

 
4.2.3 Economic and organizational barriers 

Introducing 4D solutions is costly, particularly due to 
personalization and limited scalability. Integration into 
public healthcare reimbursement systems is challenging, as 
is coordination among developers, clinicians, and 
regulators [34,47]. New business models and cost-
effectiveness evaluation systems are needed to capture the 
long-term benefits of such innovative solutions. 

 
4.3 Outlook and recommendations for clinical 

adoption 
In the coming years, 4D printing is expected to expand, 

particularly in personalized medicine and temporary 
implants. Key priorities include: 

• development of new testing methodologies, 
• legislative adaptation of regulatory frameworks, 
• education of clinical personnel, 
• and enhanced collaboration among research, 

industry, and clinical sectors [39]. 

Such a well-prepared environment will support the 
transformation of 4D printing from an experimental tool 
into an effective component of healthcare delivery. 
 
5 Results and discussion 

As this article is a review, the results presented here are 
not original experimental findings but rather a synthesis of 
data and conclusions reported in the existing literature. The 
following section highlights the most relevant outcomes of 
previous studies on 4D printing in biomedical engineering, 
with a focus on materials, techniques, and clinical 
perspectives. 

Several studies have demonstrated that stimuli-
responsive polymers and composites are central to the 
advancement of 4D printing. Smart materials such as 
shape-memory polymers (SMPs), hydrogels, and hybrid 
bioinks enable structures to alter their shape or properties 
when exposed to external triggers, including temperature, 
pH, light, or mechanical forces. Reported applications 
range from self-adjusting scaffolds in tissue engineering to 
minimally invasive implants and controlled drug delivery 
systems. These findings underscore the importance of 
material innovation as the foundation of successful 
biomedical 4D printing. 

In terms of manufacturing techniques, selective laser 
sintering (SLS), fused deposition modeling (FDM), and 
direct ink writing (DIW) have been frequently adapted for 
4D applications. Literature reports highlight the versatility 
of these methods in processing polymers, metals, and 
ceramics. However, scalability and reproducibility remain 
challenges, as many results are limited to small-scale 
prototypes rather than clinically applicable devices. 

From a clinical perspective, pilot studies and proof-of-
concept experiments suggest that 4D-printed constructs 
may provide significant benefits in personalized medicine. 
Examples include scaffolds that adapt to patient-specific 
anatomy, drug carriers that respond to physiological 
conditions, and stents that change shape after implantation. 
Nonetheless, long-term in vivo data are scarce, making it 
difficult to fully assess safety, stability, and 
biodegradation. 

While the reviewed results demonstrate remarkable 
progress, several limitations persist. The availability of 
biocompatible and biodegradable materials is still 
restricted, hindering the direct translation of research into 
clinical practice. Moreover, reproducibility and scalability 
are major barriers to commercialization, as the transition 
from laboratory prototypes to clinical-grade products 
requires robust quality control. Another unresolved issue is 
the regulatory landscape, which lags behind technological 
advances and lacks clear guidelines for evaluating 4D-
printed medical devices. 

Interdisciplinary collaboration between material 
scientists, engineers, and clinicians is crucial to overcome 
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 
design tools are expected to expand the clinical potential of 
4D printing. Ultimately, the integration of stimuli-
responsive materials with advanced printing techniques 
may reshape modern medicine by enabling adaptive, 
patient-specific, and functionally superior therapeutic 
solutions. 

 
6 Conclusions 

4D printing is an emerging and rapidly evolving field 
with the potential to significantly transform the future of 
medicine. The ability to create intelligent structures that 
can adapt to changing patient physiology or environmental 
conditions opens up new opportunities in personalized 
medicine, regenerative therapy, and targeted drug delivery. 
Although many applications remain in the experimental 
stage, research trends suggest that the integration of 4D 
printing into clinical practice is only a matter of time. 
Successful implementation, however, requires overcoming 
several technological, material, and ethical challenges. 
Future development will depend primarily on close 
collaboration among scientists, physicians, engineers, and 
regulators. If current barriers are addressed effectively, 4D 
printing could become a key tool in advancing healthcare 
toward greater efficiency, safety, and individualization. 
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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 need 
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 

In the context of agriculture’s rapid transformation 
toward modernization and automation, the integration of 
robotic technology into plant care processes has become 
increasingly critical [1-3]. Tasks such as pesticide 
spraying, weed removal, environmental monitoring, and 
growth assessment are labour intensive and time 
consuming when performed manually. Automating these 
stages not only addresses the growing shortage of 
agricultural labour but also improves operational 
efficiency, consistency, and sustainability in modern 
farming practices [4-10]. 

To meet these emerging demands, this research is 
dedicated to the mechanical design and development of a 
robotic system specialized for agricultural plant care. The 
objective is to design and fabricate a compact, modular 
robot capable of operating in medium to large scale 
environments such as greenhouses and open field farms. 
Emphasis is placed on a simulation-oriented prototype that 
enables practical validation and conceptual demonstration 
of the mechanical subsystems involved. 

The research focuses exclusively on mechanical 
design, covering aspects such as chassis layout for rough 
terrain mobility, articulated arms for multitask 

functionality, and tool mounting systems for 
interchangeable plant care implements. Consideration is 
given to factors such as structural stability, ease of 
component integration, environmental durability, and 
manufacturability. The robot's frame, drive system, and 
end effector mechanisms are developed with a view to 
flexibility, enabling the robot to adapt to different crop 
geometries and terrain conditions. 

Beyond the practical design objective, the project also 
serves an educational purpose providing hands on 
experience in mechanical design, structural analysis, and 
mechatronic system integration. Through this effort, the 
study contributes not only a working prototype but also a 
framework for future research in agricultural robotics 
focusing on mechanical design innovation. 

 
2 Related work 

Plant care robots represent a significant advancement 
in the application of robotics within the domain of modern 
agriculture. These robots are engineered to autonomously 
perform essential tasks such as irrigation, fertilization, 
environmental monitoring, and crop health assessment by 
measuring parameters like humidity, temperature, and soil 
moisture. The integration of robotic systems into plant care 
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processes not only reduces the dependency on manual 
labor but also enhances the precision, consistency, and 
efficiency of agricultural operations. 

In the context of ongoing challenges in the agricultural 
sector including labor shortages, rising production 
demands, and the need for sustainable practices plant care 
robots emerge as a promising technological solution. They 
play a pivotal role in advancing the transition toward smart, 
sustainable, and environmentally responsible farming. By 
automating repetitive and data intensive tasks, these robots 
contribute to increased productivity, optimized resource 
usage, and improved crop management, aligning with the 
broader goals of intelligent agricultural systems.For 
example, Zhang, Maoqing, et al [11] proposes two novel 
strategies a sliding window method and a placeholder 
strategy to optimize watering robot path planning and 
address challenges such as dimensionality and 
environmental variability, validated through a genetic 
algorithm with neighbor exchange. Amin Ghobadpour [12] 
discusses the emerging trends and future prospects of green 
energy based off road electric vehicles and autonomous 
robots in agriculture, highlighting their potential to address 
challenges such as labor shortages, energy demands, and 
environmental sustainability through electrification, 
renewable energy, and integration with advanced digital 
technologies. Ditzler, Lenora, and Clemens Driessen [13] 
investigates how robots can support agroecological 
farming specifically within the context of pixel cropping in 
the Netherlands arguing that automation in diversified, 
ecology based systems requires rethinking robotic design 
to align with agroecological values through inclusive, 
iterative, and hybrid approaches rather than fully replacing 
human labor. D Xie et.al [14] reviews the core technologies 
of agricultural robots operating in unstructured 
environments focusing on actuators, control systems, 
perception tools, and end effectors and highlights how their 
integration is driving the transition toward data driven, 
standardized, and unmanned smart agriculture. Fábio P. 
Terra et.al [15] proposes a low cost, modular robotic 
sprayer system using computer vision and individual 
nozzle control to optimize pesticide application in row 
crops, aiming to enhance food safety, reduce 
environmental impact, and provide an affordable 
automation solution for small and medium sized farms. Yu, 
Jiangfan, et al  [16] develops an automatic maize seeding 
machine integrating sand filling, seed placement, watering, 
and covering, and proposes an image based evaluation 
method to optimize spray angle settings concluding that a 
55° spray angle offers the best balance of watering 
efficiency, minimal seed disturbance, and uniform 
moisture distribution, as quantified by a novel Spray Angle 
Performance Index (SAPI). Fu, Qiqi, et al [17] designs an 
improved greenhouse self-propelled precision sprayer with 
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 

and cost-saving potential through comparative analysis. 
Luo Y et.al [18] proposes a suspended rail automatic 
variable distance spray system for solar greenhouses, 
which uses laser sensing and real time control to optimize 
nozzle positioning for vertically cultivated crops 
demonstrating a 16.65% increase in pesticide adherence 
and a 29.58% reduction in pesticide use compared to fixed-
distance spraying, thereby enhancing precision, efficiency, 
and environmental sustainability. Yao, Zhixin et.al [19] 
reviews and compares existing research on autonomous 
navigation and path planning technologies for agricultural 
machinery, categorizing key methods such as GNSS, 
machine vision, and LiDAR, detailing 22 algorithms across 
four planning approaches, and highlighting unresolved 
challenges and future research directions to enhance 
obstacle avoidance and path optimization. Wang, Yue, et 
al [20] develops an intelligent wall mortar spraying robot 
featuring a retractable structure for extended working 
range, laser based parallel adjustment, and LiDAR driven 
area recognition, demonstrating its ability to autonomously 
align with walls, avoid non spray zones, and effectively 
perform automated spraying with high accuracy and 
efficiency. Given the diversity of robotic applications and 
the advancements in precision agricultural technologies 
reviewed above, it is evident that plant care robotics holds 
substantial potential to address critical challenges in 
modern farming. Therefore, this research was conducted to 
contribute a specialized mechanical design solution 
tailored to the needs of plant care automation, aiming to 
enhance operational efficiency, adaptability, and 
sustainability in smart agriculture systems. 

 
3 Mechanical design architecture 
3.1  Overall structural design 

 The proposed plant care robot features a compact, 
modular frame constructed primarily from aluminium 
extrusion profiles, providing both structural integrity and 
design flexibility. The overall dimensions of the robot are 
560 mm (length) × 410 mm (width) × 220 mm (height), 
making it suitable for navigating narrow crop rows or 
greenhouse aisles. The platform accommodates a 5-10 kg 
water tank, centrally positioned for balanced load 
distribution. 

A four-wheel configuration is used to ensure mobility 
and ground stability, with robust rubberized wheels 
designed for semi-structured terrains. The drivetrain 
utilizes two chain-driven systems connected to stepper 
motors for independent left right wheel control, enabling 
differential steering. The chains are tensioned and guided 
by sprockets mounted on both motor shafts and wheel axles 
to ensure synchronized movement and torque transmission 
(Figure 1). 
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Figure 1 Mechanical design overview of the plant care robot 
platform 

 
The gap between the two supporting leg frames is 200 

mm, allowing the system to straddle over narrow crops or 
rows, minimizing interference with the plants during 
operation. The top surface supports electronics and power 
systems (not shown), while the bottom region remains 
accessible for future integration of spraying arms, sensing 
modules, or robotic manipulators. 

 
3.2  Chassis and frame design 

The chassis of the plant care robot is designed with a 
focus on modularity, lightweight construction, and 
adaptability to semi-structured agricultural environments. 
The entire frame is fabricated using 20×20 mm 6063-T5 
aluminium profiles, chosen for their excellent balance of 
strength to weight ratio, corrosion resistance, and ease of 
machining and assembly. The use of extruded aluminium 
allows for future component integration and structural 
adjustments without requiring welding or cutting, 
enhancing maintainability. 

The robot’s overall frame structure consists of three 
main segments: 

Central support platform (footrest): measuring 105 mm 
(height) × 400 mm (length) × 200 mm (width), serves as 
the mechanical core for mounting electronic components 
and the water tank (5-10 kg capacity). 

Side legs: symmetrically positioned with a 200 mm gap 
between them to straddle plant rows without disturbing 
crops. 

Small connecting frame: sized 200 mm × 240 mm, 
reinforces lateral stability and provides a mounting base for 
drive systems or sensor modules. 

The top frame layout, as shown in Figure 2 includes 
transverse beams to support both mechanical loads and 

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 2 Chassis and frame design 

 
This compact aluminium-based frame design ensures 

the robot remains both structurally stable and lightweight, 
meeting the mobility and load bearing requirements of 
medium to large scale plant care applications in 
greenhouses or open fields. 

To evaluate the mechanical reliability of the top 
platform under operational loads, a finite element analysis 
(FEA) was conducted. The simulation assesses the von 
Mises stress distribution across a 6 mm thick 6061-T6 
aluminium plate mounted on the frame and subjected to a 
uniform load of approximately 70 N, representing the 
weight of components such as the water tank and 
electronics. 

As shown in Figure 3, the von Mises stress values 
across the structure range from 83.7 Pa to 57.9 kPa, with 
stress concentrations observed near the plate corners—
likely due to localized boundary conditions or fixed 
constraints. Importantly, the maximum stress value (≈ 5.8 
× 10⁴ N/m²) is significantly lower than the material’s yield 
strength of 275 MPa (2.75 × 10⁸ N/m²) for 6061-T6 
aluminium. This indicates a very high safety factor, 
confirming that the platform will remain within the elastic 
deformation range and not experience plastic deformation 
or failure under normal operating conditions. 

The results validate the design decision to use 6061-T6 
for the top plate and confirm the adequacy of the 
supporting 6063-T5 aluminium frame. The system is 
structurally sound for the expected loading, ensuring 
durability and stability during field operation.
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Figure 3 The von Mises stress distribution from frame

 
Figure 4 The equivalent strain (ESTRN) across the frame  

 
To complete the structural validation, a strain analysis 

was performed under the same loading and boundary 
conditions used in the previous stress and displacement 
simulations. The plot in Figure 4 illustrates the distribution 

of equivalent strain (ESTRN) across the frame and top 
aluminium plate. 

The results indicate extremely low strain values 
throughout the structure, with peak strain reaching 
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approximately 4.03 × 10⁻¹⁰. These values are orders of 
magnitude below typical strain thresholds for structural 
deformation in 6061-T6 and 6063-T5 aluminium, 
confirming that the entire chassis and load-bearing plate 
remain well within the elastic deformation range. 

Strain concentrations are mildly visible at the corners 
of the plate corresponding with locations of stress 
accumulation, but these are still negligible in magnitude. 
The rest of the frame exhibits near-zero strain, which aligns 
with expectations given the lightweight loading scenario 
(~70 N) and the material stiffness. 

These results further validate that the current 
mechanical design ensures durability, elastic recovery, and 
structural safety, with no risk of plastic deformation or 
fatigue under nominal operational loads. 
 
4 Results and discussion 

All in-text citations should be listed in the reference list 
at the end of your document (Figure 2, Figure 3). 

Following the completion of the mechanical design and 
structural validation, a full-scale prototype of the plant care 
robot was fabricated and assembled, as shown in Figure 5. 
The development and assembly of the agricultural plant 
care robot prototype were carried out in strict accordance 
with the proposed mechanical design specifications, 
resulting in a structurally accurate and functionally stable 
system. The chassis was constructed using 20×20 mm 
6063-T5 aluminium extrusion profiles, chosen for their 
excellent mechanical properties, corrosion resistance, and 
ease of assembly. These lightweight yet durable 
components formed the skeleton of the robot, offering high 
structural integrity and modularity. To address 
concentrated loading and enhance structural performance, 
a 6 mm thick 6061-T6 aluminium plate was mounted on 
the top surface of the frame. This plate acted as a load 
distribution platform, accommodating an estimated 
operational payload of 70 N, which includes the water tank 
(up to 10 kg), drive components, and potential sensor 
modules. Under static loading conditions, the prototype 
maintained its shape with no visible signs of deformation, 
deflection, or instability, demonstrating its robustness and 
suitability for semi-structured agricultural environments 
such as narrow crop rows or greenhouse aisles. 

To further evaluate mechanical performance, finite 
element analysis (FEA) was conducted to simulate 
structural behaviour under loading. The von Mises stress 
analysis revealed that the maximum stress was 
approximately 57.9 kPa, located near the corner constraints 
of the aluminium plate. This value is significantly lower 
than the yield strength of 275 MPa for 6061-T6 aluminium, 
providing a substantial margin of safety and confirming the 
structure’s ability to operate under normal agricultural 
conditions without risk of yielding or failure. Strain 
analysis (ESTRN) further indicated minimal deformation, 

with peak strain values around 4.03 × 10⁻¹⁰, which is orders 
of magnitude below the elastic threshold, thus confirming 
that the materials remain well within the elastic range 
throughout operation. These results validate the choice of 
materials and confirm the adequacy of the load-bearing 
structure in terms of stiffness, strength, and long-term 
reliability. 

The displacement simulation showed a smooth 
distribution of deflection, with the maximum occurring at 
unsupported plate edges. Although some exaggerated 
values appeared due to mesh density or improperly 
constrained boundary conditions in the simulation 
software, the physical prototype showed no noticeable 
warping, tilting, or deflection during preliminary loading 
and mobility tests. Observations from manual push tests 
confirmed the frame’s resistance to torsion and bending, 
reinforcing confidence in its use on uneven terrain with 
minor vibrational loads. 

The mobility system, consisting of four wheels and a 
chain-driven differential mechanism, also underwent 
design verification and theoretical performance evaluation. 
The drivetrain was built using 04C chain and sprocket 
components, with a gear ratio of 2:5 achieved through a 12-
tooth sprocket on the motor and a 30-tooth sprocket on the 
drive axle. This configuration effectively reduces wheel 
rotation speed while increasing torque by 2.5 times, 
making it suitable for agricultural use where high torque 
and low speed are prioritized over rapid motion. 
Calculations show that, with the selected motors (JGB37 
series), the output torque at the wheel can reach over 2 Nm 
per motor, generating a combined tractive force of 
approximately 63.7 N, which is sufficient to move a 20 kg 
load under typical rolling resistance conditions. While the 
motors used in the current prototype were simulation units, 
the drivetrain demonstrated consistent alignment and 
tension, with the chain remaining engaged and responsive 
under test movement. Minor irregularities such as chain lag 
or stalling were observed, primarily due to insufficient 
motor power in the prototype, which will be addressed in 
future iterations by integrating higher power geared 
motors. 

In summary, the prototype exhibited excellent 
compliance with mechanical and structural expectations. 
The modular design enables easy disassembly and 
upgradeability, the fabricated frame is lightweight and 
mechanically sound, and the system is well-suited for 
integration with additional components such as sensors, 
actuators, and control electronics. The FEA results, 
supported by physical observations, indicate that the 
current mechanical structure can confidently support 
further development toward full automation. This 
validation provides a solid foundation for advancing the 
project to the next phase, including control integration, 
sensor-based perception, and autonomous plant care 
functionalities.
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Figure 5 A full-scale prototype of the plant care robot 

5 Conclusions 
This study successfully designed, analysed, and 

fabricated a mechanical prototype of a robotic platform 
intended for plant care applications in agriculture. By 
focusing exclusively on mechanical architecture, the 
project established a robust and modular frame constructed 
from 6063-T5 aluminium profiles, combined with a 6 mm 
thick 6061-T6 aluminium plate for load distribution. Key 
mechanical subsystems, including a differential drive 
system with chain transmission and a compact wheelbase, 
were developed to support operation in structured 
environments such as greenhouses and narrow crop rows. 
Finite Element Analysis (FEA) confirmed the structural 
integrity of the design under operational loads, with stress 
and strain levels significantly below the yield limits of the 
materials used. The physical prototype was assembled 
using accessible manufacturing techniques and materials, 
validating the design’s manufacturability, rigidity, and 
ease of assembly. 

Building upon the successful development of the 
mechanical prototype, future work will focus on 
transforming the platform into a fully autonomous and 
intelligent agricultural robot. This includes integrating 
sensor systems such as soil moisture sensors, ultrasonic or 
LiDAR modules, and environmental monitors to enable 
real-time interaction with crop conditions. A control 
system based on microcontrollers (e.g., Arduino or 
Raspberry Pi) will be implemented to manage motor 

control, process sensor data, and execute plant care 
routines. In addition, the robot’s navigation capabilities 
will be enhanced through the application of GPS, vision-
based tracking, or predefined path planning to ensure 
precise movement within crop rows or greenhouse 
environments. Modular end-effectors for watering, 
spraying, and crop monitoring will also be designed for 
quick attachment and task flexibility. Finally, efforts will 
be made to improve energy efficiency and sustainability, 
including exploring the use of solar panels for outdoor 
operation. These advancements aim to transform the 
current mechanical platform into a smart, adaptable, and 
scalable solution for modern agriculture. 
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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 

With the increasing availability of 3D printing, flexible 
polymers such as TPU are becoming increasingly popular 
in applications requiring flexibility, impact resistance and 
repeated deformability. TPU combines the properties of 
plastic and rubber and is suitable for the production of 
components such as seals, damping elements and wearable 
devices. However, due to the anisotropic nature of FDM 
technology, the mechanical behaviour of TPU samples is 
strongly influenced by printing parameters, which requires 
their systematic evaluation. Mechanical testing of 3D 
printed samples made of flexible TPU thermoplastic 
polyurethane (Figure 1) is a key step in evaluating their 
functional properties and reliability in real-world 
applications. TPU is a material known for its flexibility, 
abrasion resistance, toughness, and shock absorption, 
making it suitable for use in a variety of industries, from 
automotive to footwear to medical and consumer products. 
However, its exceptional properties also place specific 
demands on the manufacturing and testing of mechanical 
properties, especially when used in additive manufacturing 
[1]. 3D printing, specifically Fused Deposition Modeling 
(FDM) technology, enables the rapid and cost-effective 
production of TPU parts with various geometric 
configurations and internal structures. These parameters 

have a significant impact on the resulting mechanical 
properties of the samples, such as tensile strength, 
elasticity, hardness, tear resistance, and fatigue strength. In 
addition, the layering direction, layer height, filling 
structure and nozzle temperature during printing are among 
the factors that can significantly affect the quality and 
consistency of prints [2]. Therefore, it is essential to take 
these variables into account when designing experiments 
and interpreting test results. The goal of mechanical testing 
of TPU samples is not only to quantify their basic physical 
and mechanical characteristics, but also to understand how 
the material behaviour changes depending on the 
technological conditions of printing and the type of load. 
Testing includes pressure tests that simulate repeated stress 
in practical use [3]. The results of these tests serve as a 
basis for optimizing production parameters, designing 
functional components and improving predictive models of 
TPU behaviour under various operating conditions. Given 
the increasing use of flexible materials in 3D printing, it is 
important to deepen knowledge about their mechanical 
behaviour and reliability [4-6]. Mechanical testing thus 
represents not only a scientific approach to evaluating 
material properties, but also a practical tool for developing 
innovative products that must meet demanding 
requirements for performance, durability and safety [7].
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Figure 1 Molecular structure of thermoplastic polyurethanes [1]

2 3D printing of samples 
2.1 Proposal for a methodology for testing 

materials 
The samples were designed in the Simplyfy3D program 

according to the standards. The ISO 604 standard from 

2002 was established for the pressure test. After designing 
the sample, we generated a good for the following 3D 
printing. In Figure 2 we can see the sample design before 
printing for the pressure test.

  

 
Figure 2 Sample design for static pressure test 

 
2.2 3D printing of samples 

3D printing of the samples was carried out in the 
laboratory on a Trilab DeltiQ 2 3D printer. For 3D printing 
of the samples, a Nimble extruder had to be used due to the 
TPU material we used to print the samples. 

Before starting the print, we set the printing parameters. 
The Trilab DeltiQ 2 is a printer with a working area of Ø 
250 mm (X,Y) x 300 mm (Z). We used a Nimble extruder, 
for which we set the nozzle diameter to 0.40 mm and the 
extrusion width to 0.40 mm. For the layer, we had to enter 
parameters for the height of the primary layer, which was 
0.20 mm. Then we set the direction of the contour, which 
was made from the outside to the bottom. We set the 
parameters for the height of the first layer to 150%, the 

width of the first layer to 100% and the speed of the first 
layer to 50%. We also set the starting point closest to the 
specific location, namely X to -200.0 mm and Y to 200.0 
mm. For the infill, we entered the parameters for the inner 
infill to 50%/75%/100%, the contour overlaps to 25%, the 
infill extrusion width to 150% and the minimum infill 
length to 1 mm. We set the substrate temperature to 200 
°C. and the static speed of the supporting structure to 80%, 
the insufficient speed of the solid infill to 100%, the speed 
of movement of the X/Y and Z axes to 9000 mm/min. In 
Figure 3 we can see the 3D printing of the samples and its 
final printing. Subsequently, in Figure 4 there are printed 
samples for the pressure test with 50%, 75% and 100% 
infill.

 



Acta Acta Acta Acta TecnologTecnologTecnologTecnologiiiiaaaa    ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 11  2025  Issue: 4  Pages: 201-206  ISSN 2453-675X 

    

Mechanical testing of 3D printed samples made of flexible TPU material  

Tomas Balint, Jozef Zivcak, Miroslav Kohan 

 
 

~ 203 ~ 

Published by Acta Tecnologia, www.actatecnologia.eu 

 
Figure 3 3D printing of samples for static pressure testing 

 

 
Figure 4 Samples for static pressure test a) 50% infill b) 75% infill c) 100% infill 

 

3 Mechanical testing, evaluation 
of pressure tests 

Using compression tests, we investigated the 
deformation behaviour of the material and the conditions 
of external forces. For mechanical testing, a simple 
cylinder was printed, the dimensions of which were 

determined according to the ISO 604 standard from 2002, 
which describes methods for determining the compression 
properties of plastics. The samples were printed from TPU 
material with 50%, 75% and 100% infill. The compression 
test was carried out on the Inspect 5 testing device, where 
the tested sample was inserted between the jaws (Figure 5).
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Figure 5 Test sample inserted between jaws 

 
The output of the testing device was a data table. The 

following figures show graphs that describe the 
deformation on the X-axis and the pressure in megapascals 
on the Y-axis. From the graphic representation in Figure 6, 

we can assess that the samples have low resistance to 
pressure and pass into the deformation region. It follows 
that the material has the ability to withstand compressive 
forces reducing the infill cross-section.

 

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

 
From the graphic representation in Figure 7 we can 

assess that the linear region is approximately the same for 
all the tested samples. The region of plastic deformation is 
indicated on the graph when it is gradually compressed 

without interruption of the material. From the graphic 
representation it follows that the material has the ability to 
resist compressive forces reducing the cross-section of the 
infill.
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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.
  

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

 

4 Conclusion 
This scientific research provides an insight into the 

field of testing flexible TPU, where compression tests were 
performed on cylindrical samples with 50%, 75% and 
100% infill. Compression testing of 3D printed samples of 
flexible TPU is a key step in verifying their mechanical 
properties, reliability and functional behaviour in real-
world conditions. The results of these tests provide a 
deeper understanding of how the material behaves under 
load, how it deforms and whether it can maintain its 
integrity after repeated or long-term pressure. Flexible 
materials such as TPU are increasingly used in technical 
applications where a combination of flexibility, strength 
and wear resistance is required – whether it is for damping 
elements, protective components, soft joints or functional 

prototypes. From an experimental point of view, the testing 
has shown that the quality and set infill of 3D printing 
significantly affects the behaviour of TPU material under 
load. The findings suggest that TPU as a 3D printing 
material has great potential in areas where flexibility and 
durability are needed. The pressure testing also highlighted 
the need for a comprehensive evaluation not only of the 
material itself, but also of the way the object is designed 
and printed. The results of these tests can serve as a basis 
for further research and development aimed at optimizing 
the design of 3D printed components from flexible 
materials, thereby expanding their application in various 
industrial and consumer areas. 
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Keywords: digitalization, business innovation, SMEs, Industry 4.0., Tamil Nadu.  
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 

Digital Transformation (DT) is increasingly redefining 
boundaries between organizations and industries, creating 
significant competitiveness challenges for enterprises. 
Beyond the GDP growth of India in the SMEs sectors also 
impacts the social and environmental aspects of 
sustainability. Further SMEs engaged in international trade 
tend to be more optimistic about the business landscape 
and exhibit positive job creation prospects. An analysis of 
438 Italian SMEs also shows that DT positively affects 
their international performance. However, there is a 
notable tension between DT and environmental 
sustainability, as they often represent competing growth 
paths [1,2]. Digital Transformation is reshaping industries 
globally, and SMEs are no exception, and MSMEs in 
Tamil Nadu. 

 
Objectives of the study 

• To observe the current scenario of Business Innovation 
in the field of Digital transformation in SMEs in Tamil 
Nadu. 

• To identify the challenges of business innovation and 
major factors of digital Transformation in SMEs 
sectors in Tamil Nadu. 

• To find out the sustainability performance of SMEs. 
• To propose a framework for leveraging DT for 

sustainable practices in SMEs. 
 

Importance of the study 
Informing Policy and Support Frameworks: The 

observation of the present research will useful to 
policymakers and support organizations in developing 
targeted programs and policies that facilitate Digital 
Transformation among SMEs. By identifying barriers and 

drivers of DT, the research can guide the allocation of 
resources and support mechanisms to help SMEs thrive. 

Building Knowledge and Skills: This study addresses 
the knowledge gaps related to DT and sustainability in 
SMEs [3-5]. By providing a comprehensive analysis, it can 
serve as a valuable resource for training programs, 
workshops, and educational initiatives aimed at enhancing 
the digital skills and capabilities of SME owners and 
employees. 

Regional Development Insights: By focusing on 
specific districts in Tamil Nadu, the study offers insights 
into regional variations in SME practices and challenges. 
This localized approach can help tailor interventions and 
support strategies to meet the unique needs of SMEs in 
different areas. Encouraging Collaboration: The study 
encourages collaboration among stakeholders, including 
government agencies, industry associations, and 
technology providers. By fostering partnerships, the 
research can enhance the collective effort for further 
research. 
 
2 Research methodology 

Sample Size: The 200 SMEs was targeted for this 
present study, distributed among the four districts as 
follows: Coimbatore District: 50 SMEs, Tiruppur District: 
50 SMEs, Karur District: 50 SMEs, Erode District: 50 
SMEs. The stratified random sampling technique was 
adopted. 

 
Short comings of the study 
The unique characteristics of the local market may not 

reflect broader trends. While the study aims to include 200 
SMEs, this sample size may still be insufficient to capture 
the diversity of experiences and practices across all sectors 
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and sizes of SMEs, potentially leading to biased 
conclusions. The study may prioritize quantitative metrics 
for assessing Digital Transformation and sustainability, 
potentially overlooking in observing the intangible 
services of SMEs sectors. 

 
3 Results and discussion 

Age Distribution: In the present study reveals that a 
significant portion of respondents fall within the age range 
of 46-50 years, accounting for 38% of the sample. 
Additionally, 22% of respondents are over 50 years old. 
This suggests that the workforce in the surveyed small and 
medium enterprises (SMEs) is predominantly mature, 
indicating potential stability and experience within the 
sector (Table 1). 

Locality of SME Organizations: Geographic 
representation among the SMEs shows a noteworthy 
concentration in Tiruppur district, which comprises 37% of 
the respondents. This is followed by Coimbatore at 19% 
and Karur at 23%. The data highlights Tiruppur as a key 
area for SME activity, reflecting regional economic 
dynamics (Table 1). 

Gender Distribution: Gender analysis demonstrates a 
significant disparity, with male respondents making up 
71% of the sample while female respondents represent only 
29%. This indicates a gender imbalance within the 
surveyed workforce, warranting further investigation into 
the factors influencing these demographics (Table 1). 

Educational Qualification: The educational 
backgrounds of respondents vary considerably. School-
level education constitutes 33% of the group, graduates 
account for 30%, and postgraduates represent 18%. This 
distribution suggests a diverse skill set, although a notable 
percentage lacks higher qualifications (Table 1). 

Experience in the Field: A substantial majority of 
respondents (35%) have 10-15 years of experience in their 

respective fields. This finding underscores the presence of 
a relatively experienced workforce within the SME sector, 
likely contributing to overall industry stability (Table 1). 

Type of Industry: The analysis identifies the food 
processing industry as the most prominent sector, 
representing 22% of the respondents, closely followed by 
leather manufacturing at 19%. These sectors highlight key 
areas of economic activity and employment in the region 
(Table 1). 

Digital Transformation Adoption: The study indicates 
that a significant portion of SMEs falls into the "Partially 
Adoption" stage of digital transformation, with 41% of 
respondents in this category (Table 1).  

Digital Tools Used: Among the digital tools utilized by 
SMEs, cloud services rank highest, with 38% of 
respondents employing them, followed by social media 
marketing at 21%. This reflects a growing recognition of 
the importance of digital solutions, although adoption 
remains inconsistent across the sector (Table 1). 

Importance of Sustainability: Perspectives on 
sustainability vary among respondents, with 33% viewing 
it as less important and 22% considering it highly 
important. This disparity points to differing priorities 
within the industry regarding sustainable practices 
(Table 1). 

Sustainability Practices: The study reveals that the most 
frequently implemented sustainability practice among 
respondents is sustainable sourcing, adopted by 40%. 
Community engagement follows at 27%, indicating 
awareness and initiatives aimed at improving local 
sustainability (Table 1). 

Barriers to Digital Transformation: The primary barrier 
hindering digital transformation for the SMEs surveyed is 
resistance to change, reported by 40% of respondents. 
Additionally, a lack of skills is cited by 24% as a significant 
challenge, highlighting the need for targeted training and 
change management strategies (Table 1). 

 
Table 1 Demographic details of the respondents and digital transformation adoption 

I DEMOGRAPHIC DETAILS OF THE RESPONDENTS Number % 
1 Age of Respondent:    

  Below 30 42 21 
  30-45 38 19 
  46-50 76 38 
  Above 50 44 22 
    200 100 
2 locality of the SME organization 42 21 

  Coimbatore district 38 19 
  Tiruppur district 74 37 
  Karur district 46 23 
  Erode district 200 100 

    
3 Gender   

  Male 142 71 
  Female 58 29 
    200 100 
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4 Educational qualification 66 33 
  School level 38 19 
  Graduate 60 30 
  Post graduate 36 18 
  Others 200 100 

    
5 Experience in the field of SME   

  less than 5 years 54 27 
  5-10 years 36 18 
  10-15 years 70 35 
  More than 15 years 40 20 
    200 100 
6 Type of SME industry   

  Textile Manufacturing 36 18 
  Leather Manufacturing 38 19 
  Food process industry 44 22 
  Electronic industry 30 15 
  Engineering industry 20 10 
  Coir industry 14 7 
  Health care industry 18 9 
    200 100 
II DIGITAL TRANSFORMATION ADOPTION   

1 
How would you rate your company's current level of Digital 
Transformation? (1 = No Adoption, 4 = Full Adoption)   

  No adoption 35 17 
  Semi Adoption 43 22 
  Partially adoption 82 41 
  Fully Adoption 40 20 
    200 100 
2 Which digital tools does your company currently use?   

  E-commerce platforms 42 21 
  Social media marketing 41 21 
  Cloud services 76 38 
  Data analytics tools 41 20 
    200 100 
3 How important is sustainability to your business?   

  Highly important 44 22 
  average important 54 27 
  less important 66 33 
  no important 36 18 
    200 100 
4 Which sustainability practices does your company implement?   

  Waste reduction 28 14 
  Energy efficiency 38 19 
  Sustainable sourcing 80 40 
  Community engagement 54 27 
    200 100 
5 What barriers do you face in adopting Digital Transformation?   

  Lack of funding 32 16 
  Lack of skills 48 24 
  Resistance to change 80 40 
  Technology limitations 40 20 
    200 100 
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Figure 1 Current level of digital transformation in SME sector 

 

 
Figure 2 Challenges of adopting digital transformation 

 
Increase Awareness and Training: To foster digital 

proficiency among SME workers, it is critical to organize 
workshops and training programs tailored to their specific 
needs. These initiatives should focus on topics such as 
building confidence in the use of digital tools. By offering 
hands-on training in cloud services, social media 
marketing, and data analytics, SMEs can empower their 
workforce to embrace digital transformation. This 
approach not only enhances skills but also mitigates 

anxiety related to new technologies, ultimately driving 
greater adoption and innovation. 

Promote Gender Inclusivity: Addressing the gender 
imbalance in the workforce is imperative. Implementing 
gender-sensitive recruitment policies can help attract more 
female candidates, while fostering a supportive work 
environment will encourage retention and growth. 
Organizations should consider establishing mentorship 
programs and flexible working arrangements to support 
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women in balancing work and personal commitments. By 
promoting female participation, SMEs can benefit from 
diverse perspectives, leading to improved innovation. 

The business innovation programs could include 
subsidies or grants for investing in cloud services, data 
analytics, and other essential digital infrastructure. 
Enhanced financial support would lessen the burden of 
initial costs and encourage SMEs to integrate advanced 
technologies into their operations, ultimately driving 
efficiency and competitiveness in the market. Strengthen 
Sustainability Practices: Promoting sustainability within 
SMEs is not only essential for environmental responsibility 
but also crucial for long-term business viability. Initiatives 
aimed at raising awareness about the benefits of sustainable 
practices can include workshops, informational campaigns, 
and success stories from peers in the industry.  

 
Establishing partnerships for training programs, 

internships, and research initiatives can create a pipeline of 
skilled talent equipped to navigate the digital landscape. 
Furthermore, local institutions can provide SMEs with 
valuable insights into current technological trends, 
allowing for more tailored and effective adoption of digital 
practices (Figure 1). 

Current Scenario Elaboration: In light of these 
recommendations, the current scenario presents both 
challenges and opportunities for SMEs (Figure 2). The 
mature workforce, while experienced, may require 
reskilling to keep pace with technological advancements. 
The significant gender gap calls for proactive measures to 
ensure a more diverse and inclusive workforce, which can 
enhance creativity and problem-solving within 
organizations. 

Digital tools like cloud services are underutilized, 
highlighting the potential for growth through increased 
investment and training. Moreover, the hesitance toward 
sustainability among some SMEs poses a risk, as 
businesses increasingly face pressure from consumers and 
regulatory bodies to demonstrate social responsibility. By 
executing these recommendations, SMEs can position 
themselves not only for immediate success but also for 
long-term sustainability, 
 
4     Conclusion 

The present data reveals that while many SMEs in 
Tamil Nadu recognize the importance of digital 
transformation, there is considerable room for 
improvement in adoption levels and sustainability 
practices. The findings highlight significant barriers, 
particularly resistance to change and a lack of skills, which 
must be addressed to foster a more digitally adept and 
sustainable SME sector. By implementing the 
recommended strategies, stakeholders may improve the 
capacity and ultimately contributing to the development 
and sustainability goals. The analysis of the demographic 

profile of SME respondents reveals a diverse range of ages, 
educational backgrounds, and experiences, which may 
influence their perspectives and approaches. It is a clear 
about importance of awareness in digital transformation 
and sustainability, significant barriers remain [6,7]. 
Addressing these challenges through strategic initiatives 
can empower SMEs to thrive in an increasingly digital and 
environmentally-conscious marketplace. Further, the study 
highlights the various component for achieving sustainable 
practices in SMEs. By overcoming existing barriers and 
fully embracing digital tools, SMEs can enhance their 
operational efficiency, contribute to sustainability goals in 
Tamil Nadu. 
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