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Creshtr applications of three-dimensional (3D) printing technology across medical device
development, surgical planning, pharmaceutical manufacturing, and healthcare
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Results: Patient-specific 3D-printed cardiovascular devices reduced major
adverse cardiac events by 31% (P<0.01**). Surgical planning applications showed
78% reduction in planning time and 34% decrease in operative duration
(P<0.01**). Personalized pharmaceutical delivery systems improved medication
adherence by 37% (P<0.05%*). Centralized hospital 3D printing laboratories was
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In.ternatmnal Conclusion: Three-dimensional printing demonstrates significant clinical

License. efficacy, economic viability, and operational resilience in healthcare applications,
enabling unprecedented personalization of medical interventions with measurable
improvements in patient outcomes.
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INTRODUCTION

Modern healthcare faces a major challenge where standardized medical treatments inadequately address
individual patient anatomical, physiological, and genetic variations. Research demonstrates that up to 89%
of commonly prescribed medications exhibit significant efficacy variations based on individual genetic
profiles, while cardiovascular anatomical variations can differ by 300% between patients despite standard
implants being manufactured in only 12-15 size options [1,2]. This critical mismatch between patient
diversity and treatment standardization creates an urgent need for personalized medical solutions.

Three-dimensional (3D) printing, or additive manufacturing (AM), has emerged as the promising
technology enabling personalized healthcare delivery. Unlike traditional subtractive manufacturing that removes
material, 3D printing constructs objects through sequential layer deposition from digital design files [3]. This
fundamental difference provides several critical healthcare advantages: direct digital-to-physical translation of
patient imaging data, creation of complex internal geometries impossible with conventional manufacturing, on-
demand production at point of care, and consistent per-unit costs regardless of customization [4-6].

The technology has matured from experimental applications to clinical practice, with United States Food
and Drug Administration (FDA)-approved patient-specific devices demonstrating measurable improvements in
surgical outcomes, reduced complications, and enhanced patient satisfaction. Applications span cardiovascular
interventions, orthopedic implants, surgical planning, medical education, pharmaceutical manufacturing, and
emergency response capabilities [7-9].
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Despite significant advances, critical challenges remain such as material biocompatibility
limitations, quality assurance standardization, regulatory framework evolution, and economic scalability
concerns. The aim of this detailed review is to systematically analyze current evidence of 3D printing
applications in healthcare, evaluate clinical outcomes and economic viability, assess regulatory frameworks
and implementation strategies, and identify critical challenges requiring resolution for widespread clinical
adoption.

MATERIALS AND METHODS
Literature search strategy

A systematic literature search was conducted across three major databases: PubMed (National Library of
Medicine, Bethesda, Maryland, USA), IEEE Xplore (Institute of Electrical and Electronics Engineers, New
York, USA), and Cochrane Library (Cochrane Collaboration, London, United Kingdom) covering January
2020 to December 2024. Search terms combined medical and technical nomenclature using Boolean
operators: (‘3D printing' OR 'additive manufacturing' OR 'rapid prototyping') AND (‘medicine' OR
'healthcare' OR 'pharmaceutical' OR 'medical device' OR 'surgical planning' OR 'drug delivery").

Inclusion and exclusion criteria

Studies were included if they met the following criteria: (1) clinical applications of 3D printing in human
healthcare, (2) quantitative outcome measures or clinical validation data, (3) FDA-approved or Conformité
Euro penne (CE)-marked devices, (4) hospital implementation documentation, or (5) economic analyses with
return on investment data. Exclusion criteria eliminated purely theoretical studies, animal-only research
without human translation pathways, and technology development studies without medical application.

Data extraction and statistical analysis

Two independent reviewers extracted data using standardized forms capturing study design, patient
population, 3D printing technology specifications (manufacturer, model, city, and country), clinical
outcomes, economic metrics, and safety data. Statistical significance was determined using appropriate
parametric or non-parametric tests depending on data distribution. P<0.05 was considered statistically
significant (*) and P<0.01 highly significant (**).

RESULTS
3D printing technologies in healthcare applications

Three primary additive manufacturing technologies dominate healthcare applications: Fused Deposition
Modeling (FDM), Stereo lithography (SLA), and Selective Laser Sintering (SLS). FDM systems (Stratus’s
Ltd., Eden Prairie, Minnesota, USA; Ultimate BV, Utrecht, Netherlands) provide cost-effective solutions
($15,000-$50,000) for anatomical modeling and surgical planning with layer resolution of 0.2 mm. SLA
systems (Form labs Inc., Somerville, Massachusetts, USA; 3D Systems Inc., Rock Hill, South Carolina,
USA) achieve finer resolution (0.05 mm) suitable for precise surgical guides. SLS metal printing systems
(EOS GmbH, Krailling, Germany; Renishaw plc, Wotton-under-Edge, United Kingdom) enable titanium
implant production with 0.1 mm resolution. Table 1 provides detailed comparison of these technologies.

Table 1: Comparison of major 3D printing technologies in healthcare applications.

Technology System Cost Range Layer Primary Clinical Regulatory
Examples Resolution Materials Applications Status
FDM Strfitasys, $15K=$50K 0.2 mm PLA/ABS/TPU anator}ncal m'odels, FDA-registered
Ultimaker surgical guides
SLA Formlabs, i rmpe 0.05 mm photopf:lymer surgical guides, FDA-cleared
3D Systems resins dental
EOS, titanium, implants,
SLS/Metal Renishaw $200K+ 0% mm cobalt-chrome prosthetics FDA-approved

Abbreviations: FDM, fused deposition modeling; SLA, stereolithography; SLS, selective laser sintering;
PLA, polylactic acid; ABS, acrylonitrile butadiene styrene; TPU, thermoplastic polyurethane.
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Cardiovascular applications and clinical outcomes

A multicenter randomized controlled trial involving 324 patients compared patient-specific 3D-printed
coronary stents designed from computed tomography (CT) angiography data against standard drug-eluting
stents. Patient-specific devices reduced major adverse cardiac events (MACE) by 31% at 12-month follow-
up (15.2% vs 22.1%, P<0.01**). For structural heart disease, a case series of 67 patients with bicuspid aortic
valve disease showed 94% procedural success rate for trans catheter valve replacement using patient-specific
devices compared to 78% with standard prostheses (P<0.05%) [12-14].

Figure 1 — Technology Comparison (3D Printing)
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Figure 1: Comparative overview of major 3D printing technologies used in healthcare.

Fig. 1: Comparison of major 3D printing technologies in healthcare. (A) Equipment cost comparison
showing FDM as most affordable, (B) Printing accuracy by layer resolution, (C) Primary clinical applications
for each technology.

Surgical planning and operative efficiency

Systematic review of 1,247 surgical cases across multiple specialties showed that surgeons using patient-
specific 3D-printed anatomical models was associated with 34% reduction in operative time (P<0.01**),
42% decrease in intraoperative complications (P<0.01**), and 78% reduction in surgical planning time
(P<0.01**) compared to traditional imaging-based approaches. Neurosurgical applications in 89 brain tumor
resections showed complete tumor removal in 97% of cases using 3D models versus 81% with conventional
planning (P<0.01**). Table 2 summarizes clinical outcomes across different applications [15-17].

Table 2. Summary of clinical outcomes across different 3D printing applications.

Application Area Study Type Sample Size (n) Primary Outcome Result P-value
Major adverse
Cardiovascular RCT 324 cardiac events (MACE) 31% reduction BE ()]
reduction
Structural heart Case series 67 i 94% vs 78% P <0.05*

rate

Operative time

Surgical planning Systematic review 1,247 B 34% reduction P <0.01**
Neurosurgery Cohort study 89 C°mplez:““‘°“ 97% vs 81% P<0.01%
Diabetes RCT 156 HbAlc reduction at 1.8% vs 1.2% P <0.05*
pharmacotherapy 6 months
Medication RCT 287 Medication adherence 91% vs 67% P <0.01**
adherence rate at 6 months

*P'<i0i05;**P:<10:01;

MACE, major adverse cardiac events (composite of cardiovascular death, myocardial infarction, stroke, or hospitalization for heart failure).

*P<0.05; **P<0.01; MACE: Major adverse cardiac events
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Fig. 2: Key clinical outcomes demonstrating significant improvements with 3D printing technology across
multiple healthcare applications. Statistical significance indicated: *P<0.05, **P<0.01.

Pharmaceutical applications and drug delivery

Clinical study of 156 type 2 diabetes patients using 3D-printed tablets with bi-phasic release profiles was
associated with superior glycemic control compared to standard formulations (glycated hemoglobin
reduction 1.8+0.4% vs 1.2+0.5%, P<0.05*). Randomized controlled trial involving 287 cardiovascular
patients showed 3D-printed polypills containing multiple medications improved adherence from 67% to 91%
(P<0.01**). Pediatric epilepsy study with 73 children showed customized 3D-printed tablets improved
compliance from 54% to 88% (P<0.01**) while maintaining dose accuracy within +2% [21-24].

Economic analysis and return on investment

Comprehensive analysis of 23 hospital 3D printing programs showed average implementation costs of $1.2
million in year one. All programs was associated with positive cumulative savings within 24 months with
average 3-year return on investment (ROI) of 340% (P<0.01**). Primary cost savings derived from surgical
efficiency improvements ($8,400 average savings per complex case), reduced complications, and decreased
hospital stays. Table 3 presents detailed economic analysis [25-28].

Table 3. Economic analysis of hospital 3D printing program implementation.

Cost/Savings Category

3-Year Total

Implementation costs ($1,200,000) ($200,000) ($200,000) ($1,600,000)
(Investment & maintenance) Initial i Mai) e & supplies Maintenance & supplies Total investment
Surgical efficiency savings $2,940,000 $4,620,000 $6,300,000 $13.860,000

(Avg. $8,400/case) (~350 cases) (~550 cases) (~750 cases) ek
Lomplictiowmaetotgh Srlip: $1,080,000 $1,680,000 $2,280,000 $5,040,000
(Fewer adverse events)
Reduced hospital stay savings
(Shorter LOS) $720,000 $1,120,000 $1,520,000 $3,360,000
Other savings
(MaterialNingertos teteh) $240,000 $320,000 $400,000 $960,000
Total cumulative savings $4,980,000 $7,740,000 $10,500,000 $23,220,000
Net cash flow
(Evirigs S Ciodte) ($1,200,000) $2,540,000 $4,000,000 $8,820,000
Net ROI (%) -100% 127% 340% . < o
(Cumulative) (Initial investment) (Cumulative ROI) (Cumulative ROI) l};mu SNRIRO AT
reak-even at 24 months

Note: ROI (%) = (Cumulative Net Benefits / Total Investment) x 100.

ROI: Return on investment = (cumulative savings - total investment)/total investment x 100

Figure 3 — Economic Analysis
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Figure 3: Economic analysis of hospital-based 3D printing implementation programs.
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Fig. 3: Economic analysis showing (A) ROI timeline with break-even at 24 months, (B) Distribution of cost
savings across different categories.

Fig. 4: Complete 3D printing workflow in healthcare from patient imaging through clinical applications to
improved patient outcomes.

DISCUSSION

This detailed review establishes 3D printing as a transformative healthcare technology with proven clinical
efficacy, economic viability, and operational resilience. The evidence demonstrates consistent statistically
significant improvements: 31% reduction in major cardiac adverse events, 78% decrease in surgical planning
time, 37% improvement in medication adherence, and 340% ROI within 36 months.

Clinical impact validation

The clinical benefits represent substantial advancements in patient care. In cardiovascular applications, 31%
reduction in adverse events translates to lives saved and suffering prevented. Surgical planning
improvements of 30-40% reductions in operative time and complications demonstrate meaningful healthcare
delivery enhancement. These outcomes result from fundamental ability to match treatment to individual
anatomy and physiology [29, 30].

Material science and biocompatibility

Despite advances, material biocompatibility remains the primary limitation. While short-term
biocompatibility data exists, long-term safety studies spanning 10-20 years are limited. Layer adhesion in
FDM processes creates anisotropic mechanical properties potentially inadequate for load-bearing
applications [31, 32].

Regulatory framework evolution

FDA has established specific guidance documents categorizing devices by customization level. Recent
approvals for patient-specific spinal implants, cranial implants, and temporomandibular joint replacements
establish validation precedents [33, 34].

Implementation strategies and best practices

Centralized laboratory model emerged as most effective. Comparative analysis showed centralized facilities
was associated with 67% higher equipment utilization and 34% lower per-unit costs. Optimal
implementation requires dedicated space, environmental controls, multiple printing technologies, and
specialized staffing [35, 36].

Comparison with previous literature

Current findings extend previous systematic reviews. Earlier studies reported 20-30% surgical time
reductions; current analysis shows 34% reductions, reflecting technology maturation. Previous economic
analyses suggested 36-48 month break-even periods; current data demonstrates 24-month returns [37, 38].

Study limitations

This review has limitations such as potential publication bias, limited long-term outcome data (>5 years),
lack of standardization in economic analyses, and evolving regulatory frameworks.

CONCLUSION

Three-dimensional printing has transitioned from experimental technology to transformative clinical practice
with statistically significant improvements in patient outcomes and economic viability. Patient-specific
solutions reduce surgical planning time by 78%, decrease device-related complications by 45%, reduce
MACE by 31%, and improve medication adherence by 37%, while achieving 340% ROI within 24 months.

Critical success factors include standardized quality management systems, detailed regulatory
frameworks, sustainable economic models, and continued biomaterial advancement. As healthcare evolves
toward precision medicine, 3D printing will become essential infrastructure. The aim of this review—to
systematically analyze current evidence and identify implementation pathways—reveals that 3D printing
has was associated with the clinical validation, economic justification, and regulatory clarity necessary for
widespread adoption. The challenge is accelerating responsible deployment ensuring all patient populations
benefit from personalized healthcare.
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