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Abstract 

Background  To investigate the accuracy and safety of a newly constructed robotic arm which can cover the whole 
process of THA, we performed a series of robot-assisted total hip replacement on the cadaver.

Methods  Fifteen frozen cadaveric specimens (30 hips) were used for this study. In this investigation, united hip 
system and Longwell robotic-assisted system were used. The entire lower limb was CT scanned prior to surgery. The 
3D model was produced based on CT data; the site of the prosthesis, including acetabular anteversion, inclination 
angle, and the position of femoral prosthesis, was planned. With the assistance of a robotic arm, the surgeon changed 
the parameters based on the preoperative plan and the actual condition during surgery, and completed the whole 
procedure. Following surgery, we measured the acetabular anteversion angle, acetabular inclination angle, femur 
anteversion angle, combined anteversion angle, stem angulation, and canal fill ratio.

Results  The parameters proved that the acetabular anteversion angle was 16.85 ± 3.00°, the acetabular inclination 
angle was 40.38 ± 5.37°, femur anteversion angle was 15.90 ± 9.01°, combined anteversion angle was 32.75 ± 9.03°, 
stem angulation was 1.84 ± 0.99°, and leg length discrepancy was 2.47 ± 1.43 mm. The canal fill ratio (CFR) of femoral 
prosthesis of osteotomy line in sagittal section is 99.72 ± 1.54% and  in coronal section is 62.94 ± 8.91%; below oste-
otomy line 2.5 cm in sagittal section is 100.00% and in coronal section is 81.48 ± 12.94%; below osteotomy line 7.5 cm 
in sagittal section is 59.51 ± 12.94% and in coronal section is 89.79 ± 11.13%; femoral shaft isthmus in sagittal section 
is 56.41 ± 13.80% and in coronal section is 84.95 ± 15.17%.

Conclusion  The accuracy and safety of this novel robotic arm are suitable for preparing both the acetabular and fem-
oral sides, providing evidence for clinical trial.
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Introduction
Total hip arthroplasty (THA) is an effective treatment 
for end-stage hip diseases such as avascular necro-
sis of the femoral head and congenital dysplasia of the 

hip, relieving pain and restoring hip function [1]. It is 
anticipated that the number of THA in the USA would 
increase by 71% to 635,000 by the year 2030 [2].

Although total hip arthroplasty is currently well devel-
oped, and the postoperative patient satisfaction rate is 
just 89% [3]. The main cause of postoperative dissatisfac-
tion is postoperative pain [4], such as impact pain caused 
by activity. Malposition of prosthesis and dislocation fol-
lowing surgery are also among the leading causes of revi-
sion [5–7].

Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of Orthopaedic
Surgery and Research

*Correspondence:
Haining Zhang
qyzhanghaining@163.com
1 Department of Joint Surgery, The Affiliated Hospital of Qingdao 
University, Qingdao 266100, Shandong, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-023-04263-w&domain=pdf


Page 2 of 7Lu et al. Journal of Orthopaedic Surgery and Research          (2023) 18:830 

During conventional total hip arthroplasty, sur-
geon’s experience with or without manual instruments, 
which is irreplaceable and has a long learning curve 
[8]. Computer-assisted techniques like navigation or 
robot-assisted THA have proven to be safe and reli-
able methods [9, 10], and can enhance the accuracy of 
the operation [11, 12]. Robot-assisted THA can better 
restore lower limb length and enhance hip-specific func-
tion [9, 12–14]. Commercial robots can currently only 
operate on the acetabular side. In addition to producing 
the acetabulum like previous surgical robots on the mar-
ket, this new type of robot can also produce the femoral 
side without shifting the location of the surgeon and the 
robot. In addition, a simulated X-ray film is produced 
based on the data obtained during surgery displaying the 
current placement of the prosthesis (Fig. 1). This study’s 
primary goal is to confirm the accuracy and safety of this 
robot-assisted system.

Materials and methods
Ethical approval for this study (QYFYEC 2020-017-01) 
was provided by the Ethical Committee NAC of Affili-
ated Hospital of Qingdao University, Qingdao, China, on 
November 04, 2020.

Fifteen frozen cadaveric specimens (30 hips) were 
used in this study. Eight of the 15 cadavers were males. 
All of cadavers’ knee joint, hip joint and ankle joint are 
intact. Two groups of experienced teams perform total 
hip arthroplasty with the assistance of TRex-R system 
(Longwell Corp., China) robot. All operators are famil-
iar with the operation flow and principle of Longwell 
robot and have experience of the operation of robotic-
assisted arm. At the same time, each operator is a skilled 
joint surgeon, and each has at least 50 cases of total hip 
arthroplasty experience every year. United hip system 
(United Orthopedic Corp., Hsinchu, Taiwan) was used to 
be the implanted prosthesis in this test. The purpose of 
the operation was to accurately placed the acetabular and 
femur prosthesis within a defined range, and after place-
ment, both the acetabular and femur prosthesis were 
marked and located with a probe.

Robotic procedure
CT scan of the full length of both lower limbs was 
obtained and the data were then imported to the pre-
operative planning system (Longwell, Shanghai, China) 
before the operation. The experimental scheme was 
planned on the basis of the reconstruction model, includ-
ing acetabular prosthesis size, inclination, anteversion 
angle and depth, femoral prosthesis size, femoral ante-
version, stem angulation and depth. According to the 
Lewinnek safety zone, the acetabular anteversion and 

inclination were targeted to 15° ± 10°and 40° ± 10°, respec-
tively. And the target range for combined anteversion 
was 25°–50° [15].

The cadaver was fixed in the lateral position on the test 
bench, install the base target, register the host, and con-
firm that the robot and manipulator can be recognized by 
NDI Polaris system. The pelvic tracker was fixed at the 
iliac crest, and the direct anterior lateral approach was 
performed to expose the hip joint. The checkpoint was 
set at the lateral side of the proximal femur, and then, 
registration on the femoral side was carried out like 
Mako “Enhance” procedure. Osteotomy along the femo-
ral neck at the level according to the preoperative plan 
was performed by the saw attached at the robotic arm, 
and then, femoral head was removed. The Registration 
process of the acetabular bone was carried out. With the 
assistance of the reamer attached at the robot arm, the 
acetabular cartilage and subchondral bone was removed 
to the planned level. The power will immediately shut off 
automatically if the angle or depth of the acetabular file 
exceeds the safe range. After the mold test parameters 
have been determined to be suitable, the acetabular pros-
thesis is inserted with the aid of a robot arm, and the cor-
responding polyethylene lining is applied. The proximal 
end of the femur was exposed and the canal was opened 
by the box chisel attached the robotoc arm. Broaching 
the femoral canal, as well as reaming and preparation the 
proximal femur, trial insertion and prosthesis insertion, 
was all performed with the aid of robotic arm, by using 
different connection instruments connected at the end of 
the arm.

Navigation and measurement
In order to verify the accuracy of the position of the 
prosthesis after the operation, CT scan of the total lower 
limbs was accomplished. The postoperative CT scan was 
imported into the measurement program to determine 
the acetabular anteversion, acetabular inclination, femo-
ral anteversion, length of both lower extremities, and the 
filling rate of the femoral prosthesis. In order to keep the 
precision as high as possible, the measurement was car-
ried out by two experienced orthopedic surgeons who 
did not participate in the experiment. If the difference 
between the two results was too large (≥ 5°or ≥ 5 mm), it 
was measured by the third orthopedic surgeon who did 
not participate in the experiment. The final result was 
selected for the data close to the average of two of the 
three. In order to ensure the reliability of the data, the 
probe was used to locate the prosthesis during the opera-
tion, and the C-arm machine was used to take a plain film 
of the lower limbs, which was compared with the simu-
lated X-ray.
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Statistical analysis
All statistical analyses were performed using SPSS ver-
sion 26.0 (IBM Corp., Armonk, NY). For continuous 
variables, the data were presented as means ± standard 
deviations (SD).

Results
In this study, the operation time was 103.3 ± 24.0 min, 
registration time was 9.7 ± 2.9 min, acetabular registra-
tion accuracy was 1.1 ± 0.4 mm and femur registration 

Fig. 1  The operation interface A and the X-ray film simulated according to the intraoperative data B 
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accuracy was 1.3 ± 0.4  mm, and with the median was 
104.0 min, 9.0 min, 1.0 mm and 1.9 mm (Table 1).

The acetabular inclination angle measured by CT 
was 40.38 ± 5.37°, acetabular anteversion angle was 
16.85 ± 3.00°, femoral anteversion angle was 15.90 ± 9.01°, 
combined anteversion angle was 32.75 ± 9.03°, femoral 
angulation was 1.84 ± 0.99° and leg length discrepancy 
was 2.47 ± 1.43  mm, and with the median was 40.35°, 
16.35°, 16.00°, 33.10°, 2.00°, 2.55 mm (Table 2).

The canal  fill ratio (CFR) of the sagittal section 
of the femoral prosthesis at the osteotomy line was 
99.72 ± 1.54%, with a median of 100.00%. The CFR of 
the coronal section of the femoral prosthesis at the oste-
otomy line was 62.94 ± 8.91%, with a median of 63.55%. 
The CFR of the femoral prosthesis sagittal section 2.5 cm 
from the osteotomy line was 100%. The CFR of the fem-
oral prosthesis coronal section  2.5  cm from the oste-
otomy line was 81.48 ± 12.94%, with a median of 84.51%. 
CFR of femoral prosthesis sagittal section off the oste-
otomy line 7.5  cm was 59.51 ± 12.94%, with a median 
value of 60.30%. The CFR of the coronal section of the 
femoral prosthesis 7.5  cm from the osteotomy line was 
89.79 ± 11.13%, with a mean of 94.19%. The CFR of the 
sagittal section of the femoral prosthesis at the femoral 
isthmus was 56.41 ± 13.80%, with a median of 53.45%. 
The CFR of the coronal section of the femoral prosthesis 
at the femoral isthmus was 84.95 ± 15.17%, with a median 
of 86.93% (Table 3).

Among the 30 specimens, the CFR of the femur in 
the sagittal section of the osteotomy line was > 80% in 
30 cases and in 0 cases for coronal section. The CFR of 
femur sagittal section at 2.5  cm off the osteotomy line 

was > 80% in 30 cases and in 20 cases (66.67%) for coro-
nal section. The CFR of femur sagittal section at 7.5 cm 
off the osteotomy line was > 80% in 1 case (3.33%) and in 
21 cases (70.00%) for coronal section. The CFR of femo-
ral isthmus in sagittal section was > 80% in 1 case (3.33%) 
and in 18 cases (60.00%) for coronal section (Table 4).

Discussion
The aim of this study is to verify the safety and precision 
of the new robot system who can cover the femoral side 
during THA procedure, which maybe the first robotic 
arm with the function for preparing the femoral canal, as 
well as complete the osteotomy of femoral neck. As the 
classic safe range for acetabular side, Lewinnek safety 
zone [16] points out that the anteversion of acetabular 
should be 15° ± 10°. The inclination angle of acetabulum 
should be 40° ± 10°. The plan of this trial was also planned 
according to this target zone. Postoperative assessment of 
anteversion and inclination of all acetabular sockets were 
found to be within these zones (Fig. 2). And there was no 
fracture in all the cadavers.

A study by Abdel even found that many dislocations 
occur within the Lewinnek safety zone [17]. With the 
development of new technology and the progress 
of ideas, more and more people advocate the use of 

Table 1  Operation time and registration accuracy (n = 30)

Mean ± SD Median

Operation time (min) 103.33 ± 24.03 104.00

Registration time (min) 9.67 ± 2.90 9.00

Acetabular registration accuracy (mm) 1.09 ± 0.37 0.97

Femur registration accuracy (mm) 1.25 ± 0.42 1.18

Table 2  CT data of acetabular and femoral prosthesis (n = 30)

Mean ± SD Median

Acetabular inclination angle (°) 40.38 ± 5.37 40.35

Acetabular anteversion angle (°) 16.85 ± 3.00 16.35

Femoral anteversion angle (°) 15.90 ± 9.01 16.00

Combined anteversion angle (°) 32.75 ± 9.03 33.10

Femoral angulation (°) 1.84 ± 0.99 2.00

Leg length discrepancy (mm) 2.47 ± 1.43 2.55

Table 3  Canal fill ratio of femoral prosthesis (%) (n = 30)

Mean ± SD Median

Osteotomy line

Sagittal section 99.72 ± 1.54 100.00

Coronal section 62.94 ± 8.91 63.55

2.5 cm off osteotomy line

Sagittal section 100.00 100.00

Coronal section 81.48 ± 12.94 84.51

7.5 cm off osteotomy line

Sagittal section 59.51 ± 12.94 60.30

Coronal section 89.79 ± 11.13 94.19

Isthmus of femoral

Sagittal section 56.41 ± 13.80 53.45

Coronal section 84.95 ± 15.17 86.93

Table 4  Satisfaction of femoral prosthesis CFR (n = 30)

CFR Canal fill ratio

Sagittal 
section > 80%

Coronal 
section > 80%

Osteotomy line (%) 30 (100) 0

2.5 cm off osteotomy line (%) 30 (100) 20(66.67)

7.5 cm off osteotomy line (%) 1 (3.33) 21(70.00)

Isthmus of femoral (%) 1 (3.33) 18(60.00)
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combined anteversion to replace the Lewinnek safety 
zone [15, 18–20]. The factors of the femoral stalk were 
emphasized in this method, and with the develop-
ment of navigation technology, the pelvic tilt will be 
measured more accurately [15, 21–23]. And our robot-
assisted arm opens the door to apply a more patient-
focused hip arthroplasty considering patient-specific 
anatomy and the interplay of both components, acetab-
ular cup and femoral stem. With the help of robot arm, 
23 of the 30 sets of data (76.67%) fall within our target 
range of 25°–50°.

The varus tilt of the femoral prosthesis is the most 
important case leading to the subsidence of the femoral 
prosthesis [24]. A study of Leiss found that if the varus 
tilt is more than 3°, it will increase the risk of femoral 
prosthesis sinking [25]. The stem angulation of femur 
assisted by robotic arm was 1.84 ± 0.99°, and the median 
was 2.00°, all of 30 sets of data were < 3°.

Prosthesis revision is related to prosthesis instabil-
ity and aseptic loosening [26, 27], and loosening of the 
femoral stalk is related to poor filling rate of the femur 
[28]. A study of Tezuka pointed out that the filling rate 

A

B

Fig. 2  CT data of acetabular inclination angle A and acetabular anteversion angle B 
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of proximal femur is satisfactory when the rate is ≥ 80% 
[29]. Both Hwang and Streit have proved that when the 
filling rate of the femur is less than 80%, it may lead to 
aseptic loosening or sinking of the femoral stalk [30, 
31]. The filling rate of all the prostheses on the median 
sagittal section of the osteotomy line and at the 2.5 cm 
off the osteotomy line were more than 80%. The filling 
rate was > 80% in 21 cases (70%) on the coronal sec-
tion of the osteotomy line 7.5 cm, and > 80% in 18 cases 
(60%) on the coronal section of the isthmus of the fem-
oral shaft (Table 4).

Periprosthetic fracture is one of the causes for early 
femoral revision [32]. A recent study by Alpaugh found 
that the risk of periprosthetic fractures increased when 
the femoral medullary cavity was paired with a smaller 
femoral prosthesis [33]. Alpaugh’s study linked the 
canal fill and the femoral angulation to periprosthetic 
fractures.

A study of 51,345 revision by Bozic et  al. found that 
21,047 cases (41.1%) had all-component revision and 
6,738 cases (13.2%) had femoral component revision 
[34], accounting for 54.3% of THA revision; it means 
that more than half of the revision operations involved 
femoral prosthesis. However, a study by Brown showed 
that revision surgery of femoral prosthesis is often com-
plicated due to the poor bone stock or the difficulty to 
remove prosthesis, which affecting the effect of surgery 
[35].

It can be seen that the placement and size of femoral 
prosthesis also have an important impact on the success 
of THA surgery. However, at present, the auxiliary nav-
igation system on the market can only assist the place-
ment of the acetabular prosthesis, and it still needs to be 
handled manually on the femoral side.

The robot is a 7-axis manipulator, which breaks 
through the technical difficulties, so that the operation of 
the acetabular and femoral side can be completed with-
out changing the position of the machine, and the size, 
angle and depth of the prosthesis can be monitored in 
real time (Fig. 3). And there is no need to repeat the pro-
cess of rough registration and fine registration, which 
means that all surgical operations can be done in one 
registration.

The new designed robot arm was safe and accurate 
for both acetabular and femoral sides during total hip 
arthroplasty. As the first robotic-assisted system that can 
complete the operation on femoral side, this new robotic 
system is a meaningful attempt. Of course, this experi-
ment also has some limitations, such as unable to count 
the amount of blood loss, the balance effect on soft tis-
sue is not obvious, and unable to obtain follow-up data 
under the postoperative weight-bearing state. However, 
this trial provides a guarantee of safety and reliability for 

the following clinical trials, and the limitations of the trial 
will be resolved at the clinical environment.
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