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Abstract: Objective: This study investigates the clinical efficacy of integrating digital design with three-dimension 
(3D) printing technology in the transplantation of flaps for fingertip defects. Methods: A retrospective analysis was 
conducted from October 2019 to June 2021 on 90 cases of patients with fingertip defects. These included 45 cases 
in which digital design, coupled with 3D printing, assisted the operation (3D printing group), and another 45 cases 
where patients underwent traditional pedicle flap transplantation and skin grafting (traditional operation group). A 
six-month postoperative follow-up assessed various measurements between the two groups, comparing the skin 
flap survival rate, aesthetic outcome, cold intolerance, sensory recovery, and overall skin flap performance. Results: 
① Statistical analysis utilizing the independent samples t-test revealed a significant reduction in both operation 
time and flap anastomosis rate for the 3D printing group compared to the traditional operation group (P < 0.05). 
② Conversely, the survival rate, aesthetic outcome, and cold intolerance showed no significant disparities between 
the groups (P > 0.05). ③ Further, the Mann-Whitney U test indicated no significant difference in sensory recovery 
and overall efficacy assessment between the two cohorts (P > 0.05). Conclusion: Integrating digital design with 3D 
printing technology facilitated the surgical management of fingertip defects, achieving customized and precise ap-
proaches in flap transplantation. This precision in personalized skin flap design contributed to reduced operative 
time and enhanced surgical efficiency in such procedures.
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Introduction

Fingertip defects constitute some of the most 
prevalent hand injuries, leading to diminished 
sensation, overall hand functionality, and a 
consequent reduction in quality of life [1]. Em- 
pirical evidence from clinical practices under-
scores the advantages of prompt surgical inter-
vention for wound closure and intensive func-
tional exercises in bolstering subsequent func-
tional recovery. Furthermore, rising living stan-
dards have prompted enhanced health expec-
tations, thereby catalyzing a shift toward more 
precise and individualized treatment modali- 
ties.

In light of technological advancements, digital 
design and 3D printing technologies have gar-
nered attention in recent years, attributed to 
their capability in facilitating preoperative plan-
ning and intraoperative navigation [2, 3], along 
with enhancing the efficacy of doctor-patient 
interactions [4, 5]. The application of digital 
technology for preoperative precision in skin 
flap design obviates the time-intensive process-
es inherent in traditional methods. This person-
alized approach heightens patient satisfaction. 
Concurrently, the fabrication of 3D models for 
surgical simulation offers an intuitive medium 
for comprehensive preoperative dialogue with 
patients, necessitating minimal consultations 
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while precluding the inefficiencies of redundant 
and fragmented discussions.

Yue Caixiang et al. [6] utilized computerized 
tomography angiography (CTA) in conjunction 
with Mimics software for digital design in 15 
patients with hand soft tissue defects, facili- 
tating the precise, personalized preoperative 
design of lateral arm perforator flaps. This 
approach not only guided surgical procedures 
but also conserved operating time, minimized 
risks, and contributed to satisfactory postoper-
ative sensory and functional recovery of the 
flaps. Similarly, Qin Hao et al. [7] engaged in a 
study involving 16 patients with soft tissue 
defects on the dorsal hand. They executed pre-
operative assessments, securing donor foot 
and bilateral hand computerized tomography 
(CT) scans, which were subsequently integrat-
ed into Mimics software for 3D reconstruction 
and flap design. This digital technology assist-
ed in the successful transplantation of flaps 
from the dorsum of the foot, addressing dorsal 
hand defects, thereby facilitating commend-
able postoperative hand aesthetics and func-
tionality. In another study, Liu Qinghua et al. [8] 
encompassed 12 patients featuring 17 fingers 
with soft tissue defects, procuring preopera- 
tive 3D-CTA data to reconstruct 3D models by 
computer software, comprehending the vascu-
lature dynamics within the donor site. This 
enabled the accurate, individualized design of 
flaps, mitigating surgical risk and culminating  
in higher patient satisfaction post-surgery. 
Nonetheless, reports on the implementation of 
digital design and 3D printing technology for 
fingertip defect flap transplantation remain 
scarce.

In the present study, 90 patients presenting 
with finger defects were enlisted, wherein surgi-
cal interventions, augmented by digital design 
and 3D printing technology, were employed. 
The subsequent sections detail the notable 
postoperative outcomes achieved.

Patients and methods

Patients

This study is a retrospective study. According  
to inclusion and exclusion criteria, between 
October 2019 and June 2021, 90 patients  
with fingertip defects were recruited at Puren 
Hospital. 90 patients signed informed consent, 

and the experimental plan was approved by  
the hospital ethics committee (Ethics review 
number: 202006190502). The study cohort 
was divided into two groups: 45 patients under-
went surgical procedures facilitated by digital 
design and 3D printing technology (3D printing 
group), while the remaining 45 were treated 
using conventional pedicled flap transplanta-
tion and skin grafting methods (traditional sur-
gery group).

Inclusion criteria were as follows: 1) Individuals 
presenting with fingertip defects confirmed by 
physical examination; 2) Preoperative digital 
design of the fingertip defect flap was perfor- 
med; 3) Fingertip defect patients were briefed 
using a 3D printed model of the affected tip; 4) 
Availability of comprehensive follow-up data;  
5) Voluntary participation in the study with 
informed consent obtained from patients and 
their families.

Exclusion criteria encompassed: 1) Patients 
presenting with historical digit defects; 2) 
Unwillingness to participate in the study; 3) 
Inability to secure complete follow-up data.

Methods

Traditional operation group method: Patients in 
the conventional surgery group underwent hos-
pital admission for enhancement of pertinent 
preoperative assessments, with surgical plans 
devised preoperatively based on the surgeons’ 
expertise. All participants exhibited negative 
preoperative examination results, devoid of pr- 
ominent surgical contraindications. Following 
adequate anesthesia, exhaustive debridement 
was executed intraoperatively. The donor flap 
originated from either the ulnar or radial aspect 
of the compromised digit, incorporating the dis-
tal segment of the digital artery as the pedicle. 
The flap distal portion preserved approximately 
1 cm of soft tissues, encompassing the ho- 
molateral digital neurovascular bundle. Flap 
dimensions ranged from 1.8 cm × 4.2 cm to 
2.4 cm × 5.5 cm. Surgical teams incised the 
donor site skin adjacent to the affected finger 
in a tiered fashion, following the pre-estab-
lished outline. Dissection of the proximal flap 
commenced proximally, proceeding distally al- 
ong the neurovascular bundle superficial plane, 
with approximately 2 cm of the distal neurovas-
cular structure being freed, and the utmost 1 
cm incorporated within the soft tissue, concom-
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itantly dissected with the flap. After compre-
hensive flap mobilization, a 180° rotation was 
conducted to overlay the finger’s defect, fol-
lowed by sequential suture of the flap. Full-
thickness skin grafts facilitated the reconstruc-
tion of the donor site, concluded with pressur-
ized bandaging.

3D printing group surgical method: A 3D scan-
ner facilitated the scanning of the affected 
hand, and subsequent design modifications of 
the flap were executed using 3D reconstruction 
software. Following the import of files into the 
reconstruction software, a mirrored 3D model 
of the healthy hand was generated, yielding a 
3D virtual model of the affected side. This vir-
tual representation was then juxtaposed with 
the actual model of the affected hand. The sur-
plus segment, indicative of the fingertip de- 
fect requiring repair, was demarcated, and the 
defect’s area was quantified. An optimal donor 
site, coinciding in area, was identified adjacent 
to the affected finger. The intended donor flap, 
measuring between 1.9 cm × 4.3 cm and 2.5 
cm × 5.6 cm, was delineated. Utilization of a 
shell extraction instrument simulated the intra-
operative skin flap incision within the donor 
zone. The rotation axis was established at 1 cm 
proximal to the distal interphalangeal joint, dic-
tating the pedicle’s length from this rotational 
fulcrum to the wound’s proximal extremity. Files 
in STL format were integrated into Cura 15.02.1, 
with parameter settings adjusted per literary 
documentation [10]. Subsequently, Gcode for-
matted files were imported into the 3D print- 
ing software, initiating the fabrication of 3D 
models.

The biological skin flap was aligned with the 
surface of the 3D model, and upon incision, the 
area congruent with the donor defect was delin-
eated, representing the simulated transplant 
skin flap. The base of this simulated flap was 
anchored to the model, with the donor area’s 
flap mobilization during surgery emulated th- 
rough rotation. This method facilitated a 3D- 
printed model-assisted surgical process simu-
lation, enabling preoperative discussions with 
the patient and their family. The operative tech-
nique employed paralleled that of the conven-
tional surgery group.

Postoperative management and follow-up: 
Postoperative protocols mandated abstention 
from smoking and the maintenance of warmth 

in the affected limbs, accompanied by antico-
agulation, anti-infection, and anti-spasticity 
measures as part of symptomatic treatment. 
Vigilant wound dressing changes were imple-
mented, with skin graft pressure dressings 
slated for removal 7-10 days’ post-surgery. 
Suture removal occurred on day 14 post-opera-
tion, followed by the cessation of external plas-
ter fixation at the 3-week mark.

Patients underwent a follow-up period ranging 
from 6 to 24 months, with a mean duration of 
15 months. Observations during this period 
included the aesthetic outcome of the affect- 
ed finger, cold intolerance, and sensory recu-
peration of the skin flap. Concurrently, patients 
received guidance to intensify functional exer-
cises targeting the finger and wrist joints. The 
recuperation of the finger flap was evaluated 
comprehensively, adhering to the hand func-
tion assessment criteria stipulated by the  
Hand Surgery Society of the Chinese Medical 
Association [11].

Main observation index

Comparative analysis was conducted on se- 
veral parameters between the two groups. 
Main indicators include operation duration, flap 
anastomosis rate (determined by comparing 
the preoperative flap defect area with the actu-
al incised flap area), and flap survival rate. 
Secondary indicators include aesthetic out-
come of the affected finger, cold intolerance, 
sensory recuperation of the flap, and overall 
evaluation results. Operation duration was qu- 
antified post-procedure. Flap anastomosis and 
survival rates were assessed on the day pre-
ceding discharge, with the hospitalization peri-
od spanning 10-14 days. Aesthetic outcome, 
cold intolerance, sensory recuperation, and 
comprehensive assessment of the flap were 
documented during the 6-month follow-up.

Aesthetics (100 points): finger shape full 100 
points; Slight atrophy of finger flap 80 points; 
Moderate atrophy 40 points; Severe atrophy of 
20 points.

Cold resistance (100 points): skin color, tem-
perature is normal, do not need special protec-
tion 100 points; The color is slightly poor, the 
temperature is slightly lower, afraid of cold 80 
points; Pale skin or cyanosis, the temperature 
is obviously cool, especially afraid of cold 40 
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minutes; Dark or blue skin, cold days dare not 
expose 20 minutes.

The degree of skin sensation recovery (100 
points): S4 sensation returned to normal, two-
point resolution < 6 mm, 100 points; S3+: In 
addition to S3, there are some two-point dis-
crimination, 80 points; S3: Full recovery of shal-
low pain and touch, no allergies, 60 points; S2 
slight recovery of shallow sense and touch, 40 
points; S1 skin deep pain recovery, 20 points; 
No sensation in the S0 neurojurisdiction, 0.

Statistical analysis

Statistical analysis was performed using  
SPSS 21.0 software, setting α at 0.05 for the 
significance level in intergroup comparisons. 
Measured data were presented as mean ± 
standard deviation, with the intergroup differ-
ence assessed using the independent samples 
t-test. Categorical data were expressed as case 
numbers and percentages (%), with the Chi-
square test or Fisher’s exact test employed for 
intergroup comparisons. The Mann-Whitney U 
test was used for non-parametric analyses 
between data sets.

Results

Comparison of general information between 
the two groups

Demographically, the 3D printing group consist-
ed of 35 males and 10 females, ages ranging 
from 18 to 55 years with a mean age of 31. 
Injury types included 13 crush injuries, 21 lac-
erations, and 11 avulsions. According to the 
Allen classification [9], the distribution was as 
follows: 15 type II injuries, 17 type III, and 13 
type IV. In contrast, the traditional surgery 
group comprised 30 males and 15 females, 
spanning ages 20 to 58 years with an average 
age of 32. Injury categorization revealed 17 
crush injuries, 17 lacerations, and 11 avul-
sions, with 19 type II, 11 type III, and 15 type  
IV cases based on the Allen classification. 

Statistical analysis demonstrated no signifi- 
cant discrepancies in gender distribution, age, 
injury causation, or other baseline characteris-
tics between the groups, affirming their compa-
rability (P > 0.05).

Comparison of surgery-related indexes be-
tween the two groups

t-test analysis of two independent samples 
revealed a significant difference in operation 
time and flap anastomosis rate between the 
two groups (P < 0.05). The 3D printing group 
demonstrated a considerably shorter operation 
time and a markedly higher flap anastomosis 
rate compared to the traditional surgery group, 
detailed in Table 1.

Comparison of skin flap recovery between two 
groups

Statistical analysis indicated no significant dis-
parities in the survival rate, aesthetic outcome, 
or cold resistance of the skin flaps between the 
two cohorts (P > 0.05), detailed in Table 2.

Comparison of postoperative follow-up results 
between the two groups

Using the Mann-Whitney U test, the investiga-
tion discerned no significant variances in sen-
sory recovery or the comprehensive appraisal 
of skin flap health between the groups under 
comparison (P > 0.05), as elucidated in Table 3.

Typical case analysis

Case Report: A male patient, 42, presented 
with a soft tissue defect at the distal phalanx of 
his left ring finger following a mechanical stran-
gulation incident, leaving tendons and bone 
exposed. Initial management involved debride-
ment, followed by wound reconstruction em- 
ploying 3D surgical techniques. Digital planning 
and 3D printing facilitated precise preoperative 
strategizing and consultation for the requisite 
flap transplantation in addressing the fingertip 

Table 1. Comparison of surgery-related indexes between the two groups (x±s, n=45)
Group Time of operation (min) Flap anastomosis rate (%)
3D group 50.40±5.25 94.00±2.30
Traditional operation group 64.67±4.39 86.53±3.68
t -8.079 6.663
P 0.000 0.000
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defect (Figure 1). In alignment with the preop-
erative blueprint, the flap meticulously excised 
from the lateral aspect of the finger adequately 
supplanted the deficit at the digit’s extremity, 
exhibiting satisfactory vascular perfusion. Har- 
vested full-thickness skin grafts from an appro-
priate donor site were used for complementary 
repair, succeeded by pressure dressings. A 
9-month postoperative evaluation revealed a 
pliable flap consistency, aesthetically pleasing 
recovery, with skin pigmentation closely mirror-
ing normal hues. Sensory functions were re-
established, devoid of complications such as 
interphalangeal joint mobility impairment or 

donor-site discomfort. The holistic appraisal of 
the postoperative flap yielded a score of 96 
(refer to Figure 2).

Discussion

Fingertip defects remain among the prevalent 
forms of hand injury, necessitating an array of 
surgical interventions, each encompassing dis-
tinct merits and limitations. Strategies address-
ing these defects range from occlusive medi- 
cament application to local, homodigital, het-
erodigital, and free flap transplantation [12-17]. 
Local advanced flap transplantation, estab-

Table 2. Comparison of skin flap recovery between the two groups (n/%, n=45)
Group Survival rate Aesthetic degree Cold endurance
3D group 45/100.0 44/97.8 44/97.8
Traditional operation group 43/95.6 41/91.1 40/88.9
χ2/Fisher -# 1.875* 0.000*

P 1.000 0.171 1.000
Note: *: Chi-square test; #: Fisher’s exact test.

Table 3. Comparison of postoperative follow-up results between the two groups (n=45)

Group
Degree of sensory recovery in the flap Comprehensive assessment

S1 S2 S3 S3+ S4 A B C
3D group 0 2 7 14 22 36 9 0
Traditional operation group 0 8 9 11 17 28 17 0
Z -1.689 -0.888
P 0.090 0.374
Note: S1, S2, S3, S3+, S4 respectively; S1 indicates the recovery of deep skin pain; S2 indicates a slight recovery of shallow 
sense and touch; S3 indicates that the shallow pain and touch are completely restored, and there is no allergy; S3+ indicates 
that apart from S3, there is still some two-point discernment; S4 indicates that the feeling is back to normal, and the two-point 
resolution is < 6 mm.

Figure 1. Digital design combined with 3D printing applied to fingertip defect flap transplantation. Note: (A) shows 
the hand model of the affected side generated by 3D reconstruction software; (B) generates the image virtual model 
of the healthy side for the image; (C) is to obtain the part to be repaired (white part) by comparing the virtual model 
of the healthy side and the hand model of the affected side (blue model).
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lished as a predominant reparative approach 
since the 1960s, has undergone consistent 
refinement, paving the way for the advent of 
innovative techniques and operational method-
ologies in fingertip defect management [18]. 
Contemporary practice commonly employs var-
ious reconstructive modalities, including digital 
artery retrograde island flap, adjacent digital 
island flap, proximal digital pedicle flap, dorsal 
digital fascial flap, and free digital lateral flap 
procedures [19, 20]. These traditional surgical 
avenues have attained a level of maturation, 
signifying their established role in clinical 
scenarios.

Currently, the preoperative planning of fingertip 
defect flap transplantation predominantly relies 
on the surgeon’s subjective assessment. This 
conventional method involves covering the 
affected finger with a thin paper or rubber 
glove, approximating the donor site’s flap size 
based on the surgeon’s prior experience, and 
delineating an area congruent with the defect 
post-excision, referred to as the template. This 
template is then positioned adjacent to the 
compromised digit, guiding the marking of the 
donor site perimeter. Subsequent steps include 
detailed procedural planning and execution. 

Traditional skin flap preoperative planning suf-
fers from inherent subjectivity, prompting the 
introduction of a digital surgical blueprint for 
fingertip defect flap transplantation. This inno-
vative approach entails virtual software-based 
design tailored to the patient’s specific injury 
parameters, culminating in the 3D printing of 
the affected fingertip model. A biological flap  
is mapped onto the 3D model’s surface, and 
post-excision, the area aligning with the donor 
defect is identified, simulating the transplanted 
flap. This methodology decisively addresses 
the imprecision, lack of scientific rigor, and 
standardization resulting from reliance on sub-
jective expertise and arbitrary donor site esti-
mation. It efficiently precludes discrepancies 
between the actual flap dimensions and the 
intended coverage area on the amputated fin-
ger. Concurrently, by securing the simulated 
flap’s base on the model and maneuvering the 
flap within the donor zone during surgery, the 
process enhances the tangibility of preopera-
tive discussions, significantly bolstering doctor-
patient communication.

The principal benefits of integrating digital de- 
sign with 3D printing technology encompass: 
(1) Enhancing preoperative precision in flap 

Figure 2. Preoperative and postoperative results of fingertip defect flap transplantation. Note: In (A and B), the left 
ring finger is completely severed at the end (Allen type III); (C) is the donor flap; (D and E) were to cover the finger tip 
defect, and the donor area was grafted with pressure bandaging; (F-H) was 6 months post-operative follow-up, and 
the flap recovered well.
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configuration, thus obviating the temporally 
extensive conventional methodology; (2) Fa- 
cilitating a patient-centric approach to flap 
design, thereby raising patient satisfaction lev-
els; (3) Prior flap planning contributes to the 
conservation of operative duration, minimizes 
the timeframe for tourniquet application on the 
involved extremity, expedites the reestablish-
ment of blood circulation to the compromised 
digit, and augments flap viability.

Conversely, the primary limitations of fusing 
digital design with 3D printing technology [21] 
include: (1) escalation in clinical workload; (2) 
the necessity for interdisciplinary collaboration 
arising from the multifaceted nature of 3D 
printing processes; (3) increased patient’s 
medical cost: the total hospital cost of tradi-
tional surgery is 25,000-30,000 RMB, of which 
the surgical cost is about 10,000 RMB. Use of 
3D printing technology will increase the cost by 
2000-3000 RMB.

Digital and 3D printing technologies herald an 
innovative paradigm for the management of  
finger defects through flap transplantation, but 
need empirical validation through extensive 
case studies in clinical settings. Advancements 
in digital modalities, enhancements in the pre-
cision and material quality of 3D printing, and 
refinements in surgical instruments and meth-
odologies, along with intensified interdisciplin-
ary cooperation, are projected to expand the 
therapeutic prospects for hand trauma.
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