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Abstract
Objective  With the development of surgical technology, the level of digital medicine is constantly improving. The 
birth of new technologies has a certain impact on traditional methods. At present, robot-assisted technology has 
been applied to patients with calcaneal fractures, which poses a challenge to traditional surgery. We aimed to assess 
whether robot-assisted internal fixation confers certain surgical advantages through a literature review.

Design  The databases PubMed, EMBASE, the Cochrane Library, the China National Knowledge Infrastructure 
(CNKI), and the Wanfang Data Knowledge Service Platform were systematically searched for both randomized and 
nonrandomized studies involving patients with calcaneal fractures.

Main results  Five studies were identified that compared clinical indexes. For the clinical indexes, robot-assisted 
surgery is generally feasible because of intraoperative fluoroscopy, complications, the Gissane angle, the calcaneal 
width, and the American Orthopedic Foot and Ankle Society (AOFAS) Ankle-Hindfoot score 3 and 6 months after the 
operation (P < 0.05). However, on the operation time, Böhler’s angle at 3 and 6 months, Gissane angle and calcaneal 
width at 6 months after the operation did not show good efficacy compared with those of the traditional group 
(P > 0.05).

Conclusions  Based on the current evidence, the advantages of robot-assisted fixation over traditional fixation are 
clear. The long-term clinical effects of the two methods are also good, and the short-term effect of robot assistance 
is better. However, the quality of some studies is low, and more high-quality randomized controlled trials (RCTs) are 
needed for further verification.
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Introduction
Calcaneal fractures constitute approximately 1–2% 
of adult fractures and primarily result from sudden 
increases in high-energy axial load due to falls from 
heights and traffic accidents [1, 2]. Due to the mechanism 
of injury, 65 to 70% of calcaneal fractures usually present 
with subtalar joint displacement and posterior articular 
process collapse. Revised sentence: Calcaneal fractures 
pose a significant disability burden. Given the intricate 
anatomy and limited understanding of hindfoot kinemat-
ics, calcaneal fractures represent one of the most com-
plex and contentious injuries [3, 4]. Currently, the main 
treatment options are surgery and conservative treat-
ment. The occurrence of malunion, subtalar arthritis, and 
subfibular impingement is frequently observed as com-
plications following treatment [5]. To reduce the inci-
dence of complications, articular surface repair becomes 
inevitable. The optimal treatment for such fractures, 
however, remains a subject of ongoing debate [6, 7].

The current surgical methods include open reduc-
tion and internal fixation (ORIF), which are usually 
performed via two main methods. One is the extended 
lateral approach, which allows a comprehensive view of 
the fracture site and helps to finely reduce and stabilize 
bone fragments, reducing the difficulty caused by fixa-
tion, and the other is the sinus tarsi approach, which aims 
to minimize soft tissue destruction [8]. The percutaneous 
fixation technique involves the direct insertion of a screw 
into the fractured segment of the calcaneus through a 
small incision, offering advantages such as minimized 
soft tissue trauma and potentially expedited postopera-
tive recovery [9, 10]. The alternative technique is external 
fixation, which necessitates the application of an external 
frame to uphold the alignment and stability of the calca-
neal fracture. This approach is commonly employed in 
intricate fractures or circumstances where internal fixa-
tion is suboptimal. The external frame provides support 
and facilitates controlled adjustment, thereby contribut-
ing to overall stability. [11]. Surgery-related complica-
tions encompass infection, wound healing issues, internal 
fixation-related problems, post-traumatic arthritis, neu-
rovascular injuries and more. The procedure requires 
meticulous preoperative planning, intraoperative moni-
toring and surgical expertise [12–15]. The extended 
lateral approach is currently considered the preferred 
method for treating intra-articular calcaneal fractures. 
[16, 17]. However, due to the weakness and single blood 
supply of the lateral calcaneal flap, approximately 20% of 
patients are affected by complications [18]. Therefore, 
there is an increasing endeavor to develop smaller alter-
natives in order to minimize soft tissue injury and subse-
quent complications, including the adoption of minimally 
invasive surgery (MIS), which represents a paradigm shift 
in surgical intervention methods. Computer-assisted 

surgery (CAS) has significantly enhanced the precision 
and accuracy of surgical intervention for calcaneal frac-
tures, while 3D printing technology has introduced a 
personalized dimension to the management of such frac-
tures [19–24]. Böhler’s angle and the Gissane angle were 
used to evaluate the reduction [25]. 

However, it is difficult to achieve functional reduc-
tion and precise plate and screw implantation in such a 
small field of view. The maintenance of reduction screw 
implantation necessitates repeated fluoroscopy, which 
still results in screw position bias due to the blind spot 
in the fluoroscopy angle, thereby augmenting the opera-
tor and patient’s radiation exposure risk. The utilization 
of robot-assisted techniques for the reduction and fixa-
tion of calcaneal fractures via the tarsal sinus approach 
significantly mitigates the potential risks associated with 
incision and radiation exposure [26, 27].

Therefore, it is controversial whether robot-assisted fix-
ation has obvious advantages over traditional methods. 
The issue is currently being investigated and validated 
through numerous related experiments. As a result, we 
have compiled relevant articles and conducted a meta-
analysis to establish an evidence-based foundation for 
medical practitioners’ decision-making.

Materials and methods
Search strategy
The literature was systematically reviewed by two investi-
gators following the principles of the patient/population 
intervention comparison outcome model. The search 
keywords “robot” and “calcaneal fracture” were used in 
PubMed, EMBASE, The Cochrane Library, CNKI (China 
National Knowledge Infrastructure), and the Wanfang 
Data Knowledge Service Platform, specifically searching 
in the title/abstract field. These terms were connected 
using “AND” and “OR”. There were no limitations on ini-
tial time periods or languages; however, the deadline for 
inclusion was set as January 1, 2024. Eligible articles were 
selected based on predetermined criteria. In cases of dis-
agreement between reviewers, more experienced individ-
uals made final decisions regarding article selection.

Selection criteria
(1) Participants: The inclusion criteria were defined as 
follows: calcaneal fracture was diagnosed by imaging and 
specialist physical examination, and surgical treatment 
was performed after providing informed consent from 
the patients and their families. The study did not impose 
any age restrictions on the patients. The exclusion crite-
ria were as follows: other severe concomitant disease and 
ineligibility for surgery; multiple fractures; and conserva-
tive treatment or external fixation.

(2) Intervention and comparison: The interven-
tion group consisted of patients who underwent 
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robot-assisted fixation, while the control group com-
prised patients who underwent traditional fixation alone. 
Patients who had undergone other surgical methods were 
excluded.

(3) Outcomes: The clinical indexes included the time to 
operation, number of intraoperative fluorographies and 
complications. The Böhler angle, Gissane angle, calcaneal 
width, and American Orthopedic Foot and Ankle Society 
(AOFAS) Ankle–Hindfoot score at 3 and 6 months post-
surgery were utilized as the study’s research outcomes.

(4) Study design: The inclusion criteria encompassed 
randomized controlled trials and retrospective studies 
comparing robot-assisted fixation with conventional fixa-
tion techniques.

Quality assessment
We utilized the Cochrane Handbook to assess the risk 
of data from randomized controlled trials, and based on 
the findings, we categorized the studies into three tiers. 
Furthermore, for this retrospective study, we employed 
the Newcastle‒Ottawa Scale (NOS) to appraise the qual-
ity of the articles. Studies with NOS scores exceeding 5 
were considered indicative of moderate to high-quality 
research.

Data extraction
The following data were extracted: first author, publica-
tion date, country, study design, number of patients, 
mean age, percentage of sex distribution, duration of 
follow-up examination (in months), and interventions. 
In cases of disagreement, a third reviewer made the final 
decision.

Data analysis and statistical methods
We utilized Review Manager, version 5.3, for data analy-
sis. The odds ratio (OR) was employed to compute the 
dichotomous outcomes. Additionally, I² values were uti-
lized to evaluate heterogeneity among articles. If I²> 50, 
a random effect model was applied; otherwise, a fixed 
effect model was selected.

Results
Search results
A total of 227 articles were identified through our query 
method, including 7 from PubMed, 5 from Embase, 
1 from the Cochrane Library, 200 from CNKI, and 14 
from the Wan Fang Data Knowledge Service Platform. 
Among these articles, a total of 31 studies were excluded 
due to duplication. Based on the evaluation of titles and 
abstracts, we selected a final set of 182 articles. After 
careful examination of their full texts for comprehension 
and relevance, only 5 articles met our inclusion criteria. 
The complete process of document screening is illus-
trated in Fig. S1.

Risk of bias assessment
In these incorporated documents, the methodologi-
cal quality of the two types of experiments was assessed 
based on their respective evaluation criteria, as stated in 
the methods and materials section. Among the included 
studies, one was a randomized controlled trial (RCT), 
while the remaining were retrospective studies. The 
RCTs were deemed to possess superior quality, whereas 
the retrospective studies were considered to be of good 
quality; detailed contents are presented in Fig. 1.

Fig. 1  Risk of bias assessment of the RCTs. (A) Risk of bias graph. (B) Risk of bias summary; quality assessment score of the retrospective study (C)
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Study characteristics
The included articles consisted of one randomized con-
trolled trial (RCT) and four retrospective studies, all 
of which were conducted at single-center institutions. 
Nearly every article provided comprehensive demo-
graphic information about the study population. Each 
article provided that the study population was composed 
of patients. Ultimately, our study included 253 people. 
Among them, 128 patients were in the traditional group, 
and 125 patients were in the robot-assisted fixation 
group. The characteristics of these studies are presented 
in Table 1.

Outcomes of the meta-analysis
Operation time
The analysis included three reports with a total of 177 
cases, providing data on operation time. A random 
effects model was employed, revealing significant hetero-
geneity (I²=99%, P < 0.00001). Notably, the duration in the 
robot-assisted group was comparable to that observed in 
the traditional group. (RR=-11.04, 95% CI: -37.38, 15.29; 
P = 0.41). (Fig. 2A)

Intraoperative fluoroscopy times
Two reports provided intraoperative fluoroscopy data 
(n = 104). The analysis was conducted using a fixed model, 

Table 1  Summary of characteristics in the studies included
Author/year Zou TY.2023 Zhang JF.2023 Yuan XW.2021 Huang ZC.2022 Yuan XW.2023
Country China China China China China
Study design RCT Retro Retro Retro Retro
No.patients (RA /ORIF) 38/35 18/14 19/25 26/28 24/26
Age (Y) (RA /ORIF) Nr 44.6 ± 9.9/46.5 ± 9.4 50.2/53.5 36.6 ± 6.8/ 40.9 ± 7.8 44.4/47.7
Male (No.)
(RA /ORIF)

Nr 14/10 13/18 14/ 16 14/14

Follow-up examination(M)
Interventions

6 3 6 6.9 ± 0.7 24.9
RA /ORIF RA /ORIF RA /ORIF RA /ORIF RA /ORIF

RA: robot assisted, ORIF: open reduction and internal fixation, RCT: randomized controlled trial, Retro: retrospective study, Nr: Not reported, D: Day, M: Month, Y: 
Year, No.:number

Fig. 2  Forest plot diagram showing the operative time, number of intraoperative fluoroscopies and complications. (A) Operative time of robot-assisted 
fixation vs. traditional fixation. (B) Number of intraoperative fluoroscopies for robot-assisted fixation vs. traditional fixation. (C) Complications of robot-
assisted fixation vs. traditional fixation
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and no significant heterogeneity was observed (I²=0%, 
P = 0.44). Consequently, robot-assisted fixation exhibits 
evident advantages over conventional methods in terms 
of reducing the need for intraoperative fluoroscopy pro-
cedures. (RR= -7.10, 95% CI: -7.65, -6.56, P < 0.00001). 
(Fig. 2B)

Complications
The analysis included four articles that provided relevant 
data on complications. Despite employing a fixed model, 
no heterogeneity was observed (I²=0%, P = 0.59). Notably, 
the experimental group exhibited a distinct advantage. 
(RR = 0.12, 95% CI: 0.04, 0.39; P = 0.0004). (Fig. 2C)

Imaging and functional evaluation at 3 months
Two studies with 165 patients reported the results of 
imaging and functional evaluation at 3 months. A fixed 
model was used for the Böhler angle, Gissane angle, 
and calcaneal width, and no heterogeneity was detected 
(Fig.  3A: Böhler angle, I²=0%, P = 0.85; Fig.  3B: Gissane 
angle, I²=0%, P = 0.45; Fig.  3C: Calcaneal width, I²=0%, 

P = 0.41). The imaging results of the robot-assisted group 
exhibited significantly superior outcomes compared 
to those of the traditional group, with the exception of 
Böhler’s angle. (Fig. 3A: Böhler angle, RR = 0.86, 95% CI: 
-0.02, 1.75, P = 0.06; Fig.  3B: Gissane angle, RR = 2.79, 
95% CI: 1.75, 3.82, P < 0.00001; Fig.  3C: RR=-0.92, 95% 
CI: -1.37, -0.48, P < 0.0001). We still used a fixed model 
to evaluate the AOFAS score, and slight heterogeneity 
was found (I²=4%, P = 0.31). An advantage of the experi-
mental group was shown (RR = 6.58, 95% CI: 3.78, 9.37; 
P < 0.00001; Fig. 3D).

Imaging and functional evaluation at 6 months
Two studies with 177 patients supported the use of imag-
ing and functional evaluation at 6 months. Random 
models were used for Böhler’s angle, Gissane angle, and 
calcaneal width, and high heterogeneity was detected 
(Fig. 4A: Böhler’s angle, I²=69%, P = 0.07; Fig. 4B: Gissane 
angle, I²=75%, P = 0.02; Fig.  4C: Calcane width, I²=80%, 
P = 0.007). The imaging evaluations of the robot-assisted 
group and the traditional group were consistent. (Fig. 4A: 

Fig. 3  Forest plot diagram showing the Böhler angle, Gissane angle, calcaneal width, and AOFAS score 3 months after surgery. (A) Böhler angle of robot-
assisted fixation vs. traditional fixation. (B) Gissane angle of robot-assisted fixation vs. traditional fixation. (C) Calcanear width for robot-assisted fixation vs. 
traditional fixation. (D) AOFAS score of robot-assisted fixation vs. traditional fixation
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Böhler angle, RR = 1.97, 95% CI: -0.33, 4.27, P = 0.09; 
Fig.  4B: Gissane angle, RR = 1.23, 95% CI: -2.00, 4.46, 
P = 0.46; Fig. 4C: RR=-0.50, 95% CI: -1.63, 0.62, P = 0.38). 
The AOFAS score was evaluated using a fixed model, 
and no heterogeneity was observed (I²=0%, P = 0.36). The 
experimental group demonstrated a distinct advantage. 
(RR = 4.92, 95% CI: 2.60, 7.25; P < 0.0001; Fig. 4D).

Sensitivity analysis
We performed sensitivity analyses for indicators with 
heterogeneity > 80%. In terms of operation time (I²=74%, 
P = 0.05; Fig.  5A) and calcaneal width (I²=35%, P = 0.22; 
Fig. 5B), the heterogeneity was reduced, and the superi-
ority of robot assistance was reflected. (operation time: 
RR= -26.30, 95% CI:-32.25, -20.35, P < 0.00001; Fig.  5A; 
calcaneal width: RR= -0.98, 95% CI:-1.63, -0.33, P = 0.003; 
Fig. 5B)

Discussion
The calcaneus is a thin cortical structure with a large 
amount of cancellous bone, and its anatomical appear-
ance is complex. The Sanders classification is the most 
widely utilized system for evaluating intra-articular cal-
caneal fractures, based on the number of intra-articular 
fracture lines observed in coronary computed tomog-
raphy (CT) scans. [28]. The treatment of Sanders type 
II and III calcaneal fractures is difficult. If not treated 
properly, the disability rate is approximately 30% [29, 30]. 
The key to surgical treatment of calcaneal fractures is to 
restore the height, length, width, and force line of the 
bone, anatomically reduce the subtalar articular surface 
of the calcaneus, and provide strong fixation to restore 
function to the greatest extent.

It was concluded from our analysis that robot-assisted 
operation did not have an advantage in terms of opera-
tion time, and we subsequently conducted a sensitivity 
analysis to exclude the surgical indicators of Yuan’s arti-
cle, reflecting the superiority of robot-assisted operation 

Fig. 4  Forest plot diagram showing the Böhler angle, Gissane angle, calcaneal width, and AOFAS score at 6 months after surgery. (A) Böhler angle of 
robot-assisted fixation vs. traditional fixation. (B) Gissane angle of robot-assisted fixation vs. traditional fixation. (C) Calcanear width for robot-assisted fixa-
tion vs. traditional fixation. (D) AOFAS score of robot-assisted fixation vs. traditional fixation
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time [31]. The reasons related to the long operation time 
were analyzed. First, robot-assisted surgery adds prelimi-
nary steps such as intraoperative scanning and recon-
struction and screw implantation planning [32]. Second, 
surgeons may not be proficient in surgical robot opera-
tion, but the learning curve of robot-assisted surgery is 
short, and clinicians can quickly master assisted technol-
ogy after training. Third, because the length of the screw 
cannot be clearly determined by hand, repeated removal 
of the screw may occur, which significantly increases the 
number of fluoroscopies and prolongs the operation time 
[33, 34].

The robot-assisted group experienced minimal compli-
cations. The main complications were wound infection 
and poor healing, which resolved after dressing change 
and debridement [35]. Receiving timely intervention 
for any pertinent indications guarantees optimal wound 
healing and minimizes the likelihood of complications 
[36]. The presence of implant-related complications, such 
as plate or screw loosening, may necessitate revision sur-
gery to address issues of instability or discomfort. Regu-
lar follow-up assessments, imaging studies, and patient 
feedback are imperative in identifying and managing 
hardware-related complications to ensure the stability 
and efficacy of fixation [13, 37]. Despite undergoing sur-
gical intervention, some patients may develop posttrau-
matic arthritis, particularly in cases where the joints are 
severely affected. Over time, arthritic changes can occur, 

impacting joint functionality and causing discomfort. 
This long-term complication may necessitate ongoing 
treatment such as pain management strategies, lifestyle 
adjustments, or in severe instances, joint replacement or 
fusion surgery [14, 38]. With the continuous progress in 
computer technology, biomechanics and medicine, peo-
ple have gradually designed more excellent internal fixa-
tion materials and found better internal fixation methods 
[39–42].

The absence of a statistically significant difference in 
fracture recovery time was also observed. [27]. In the 
measurement of Bohler’s angle, we found no difference 
between the two groups in the short-term or long-term 
follow-up. On the other hand, in the short-term measure-
ments of the Gissane angle and calcaneal width, robot 
assistance showed advantages, but this difference gradu-
ally disappeared with fracture rehabilitation. However, 
in the short-term and long-term evaluation of AOFAS 
function, robot assistance has obvious advantages, possi-
bly because the orthopedic robot has a navigation system 
that can monitor screw placement in real time during 
surgery, thereby improving the reduction accuracy and 
alignment of fracture fragments [31].

The advantage of robot-assisted surgery lies in the 
application of preoperative planning tools to achieve 
“digital” surgery, personalized planning of screw place-
ment channels, and “precision” and “homogeneity” of 
key surgical operations. This approach avoids the loss of 

Fig. 5  Forest plot diagram showing the sensitivity analysis of the operation time and calcaneal width: (A) operation time for robot-assisted fixation vs. 
traditional fixation and (B) calcaneal width for robot-assisted fixation vs. traditional fixation
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internal fixation stability caused by traditional surgery 
based on hand feelings and experience. The disadvantage 
is that the patient’s position needs to be kept unchanged 
during the operation; otherwise, the adjustment needs to 
be proofread, and the operation time is increased.

The rehabilitation protocol after surgery is equally 
important, with early mobilization aimed at preventing 
stiffness and promoting joint function [43]. The physical 
therapy sessions are centered around the restoration of 
range of motion, enhancement of muscular strength, and 
optimization of functional mobility [44]. The implemen-
tation of a weight-bearing protocol with protective mea-
sures was employed to minimize excessive pressure on 
the surgically reconstructed calcaneus during the initial 
phase of rehabilitation [45]. Gait training is crucial for 
postoperative rehabilitation following calcaneal fracture 
surgery. Ensuring accurate and efficient walking patterns 
can effectively prevent gait abnormalities and associated 
complications [46]. The regular monitoring of patient 
progress enables the modification of the rehabilitation 
program according to individual responses and rehabili-
tation trajectories [47].

However, there are limitations to our study. First, the 
number of articles and the sample size were small, and 
second, there was some heterogeneity in some indicators, 
which may have affected the overall results. We hope that 
future work will include more studies and randomized 
controlled trials.

Conclusion
Current evidence indicates that robot-assisted treatment 
is as safe, feasible and effective as ORIF in the treatment 
of calcaneal fractures. Compared with ORIF, robot-
assisted surgery is superior for postoperative recovery. 
Robot assistance can provide a safe and feasible alterna-
tive to ORIF.
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