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Abstract Total hip arthroplasty (THA) is known to be a very successful surgical
technique. Restoration of normal biomechanical functions and physiological hip
restoration are key surgical goals for success of THA. Robotics is a recently tested
method for advancing outcomes of THA. In this review, the advantages and disad-
vantages of robots’ use during THAs from a biomechanical standpoint are analyzed.
It has been observed that analysis of revision rates, hip dislocation, accurate cup
positioning, and implant design and placement plays a crucial role in biomechanical
success. Additionally, robotics technologies are proven to have better precision and
cup placements when compared to surgeon-only THAs. Challenges faced for
robotics’ use during THA include surgeon training, extended surgical hours, and
economical costs. Analysis of dislocation and revision rates provides mixed results
for robotics success during THAs; however, these mixed results can be due to fac-
tors such as surgeon’s success during the surgery, programming success of the robot
for the particular application, and planning of the surgery noting that robots are
shown to have successful precision in the literature.

1 Introduction

Total hip arthroplasty (THA) is one of the most successful orthopedic operations ever
devised with the end goal of restoration of the normal hip physiology [3]. The prog-
ress in hip implant development motivated researchers to focus on several aspects of
failure modes with biomechanical consequences [1]. Revision surgeries occur fre-
quently after THA to correct recurrent dislocation of hip implant due to ever-chang-
ing factors including implant design, cup positioning and femoral head diameters
impacting the outcomes of THA [4], surgeon’s successful reconstruction of the hip
biomechanics [5], and the surgical technique applied [2]. Several of these biome-
chanics-impacting factors can be improved while some others are still debated. For
instance, the debate on whether the direct anterior approach (DAA) or the posterior
approach (PA) allows better restoration of hip biomechanics after THA continues
[6], while 10-year follow-up on THA by using new generations of dual-mobility
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cups results in very few to no implant-related dislocations [7, 8]. An extensive analy-
sis on 337,647 THA procedures revealed 0.34% of early revisions for periprosthetic
fracture with 44% of these incidences occurring within 90 days of surgery, and the
factors that played key roles are observed to be collarless stem, non-grit-blasted fin-
ish, and triple-tapered design [9]. In parallel to classical THA surgical techniques,
robotic-assisted surgical procedures are tested for success over the years.

Advancement of robotics recently started to impact the number of robotic-
assisted THAs with the measured successes observed on surgical outcomes. Robotic
systems used during THAs included Kuka’s LBR iiwa © [15, 71], Mako © [18-30,
67], Robodoc © [31-38], Orthodoc © [39], da Vinci ©, and CASPAR © [40].
Success levels of robots were measured with their strengths and weaknesses in dif-
ferent ways after THA surgeries. Several advantages of these robotic systems’ utili-
zation included high accuracy of implant positioning and orientation [10], minimal
invasiveness during surgeries that result in less recovery time, and higher patient
satisfaction upon realizations on patient-reported outcome measures (PROM) [11].
Some of the challenges of using such robotics systems included surgeon training,
extended surgical hours, and economical costs [12]. This review focuses on advan-
tages and disadvantages of using existing modern robotic systems and their com-
parisons to the traditional surgeon-based THA factors from a biomechanical
perspective. Next section is devoted to a variety of robots used for THA surgeries
with their pros and cons observed in the literature. The last section contains con-
cluding remarks on the robotic-assisted versus surgeon-driven THAs and potential
improvements on THAs in future applications.

2 Robotics and Manual THA Operational Differences

The impact of robotics during surgical procedures is an extensively studied area due
to the increasing interest of robotics use in surgical procedures. Robot-assisted sur-
geries are shown to improve clinical outcomes and reduce revision rates [13]. The
proportion of surgeons utilizing robot-assisted arthroplasty increased from 6.8% to
17.7% just in the New York area from 2007 to 2017 [14]. New robots such as
Kuka’s LBR iiwa are also introduced for THA use, and testing of such robots
increased the results attained for robotic-assisted THAs in the research literature
[15]. Robotics allow better mechanical control and stability in applications that may
help reducing human errors; however, it offers challenges such as training the sur-
geon to be able to use robots in THA applications, surgeries lasting longer, and
expenses that are associated with robots’ utilization and maintenance. Improvements
in applications of robots during surgery include improving the accuracy when cut-
ting the femur, reaming the acetabulum, and placing the implant components. It has
been shown that the use of robotics can help with reducing inaccuracy as much as
94%. Precision in implant sizing and location particularly helps to minimize risks of
leg length discrepancies, dislocations, and other complications of conventional hip
replacement [17]. There are limited number of extensive studies that compare
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robotic-assisted and manual THA surgeries. If we focus on robotic-assisted THA in
comparison to manual THA that included 20 or more participants for both surgical
strategies, there are only 7 peer-reviewed articles. In these studies, approximately
51% of the 658 patients had gone under robotic-assisted surgeries. Even though
PROM appeared to be statistically insignificant (i.e., p < 0.05) in most of these stud-
ies, assessment of radiographic outcomes indicated robotic THA results to be more
consistent and accurate for component placement in six studies. The robot brands
used in applications go well beyond these seven studies.

There are well-known robots used during surgeries such as Mako® [18-30],
Robodoc® [31-38], Orthodoc® [39], da Vinci®[16], and CASPAR® [40]. The direct
cutting of bone to the final planned cut or indirect planning landmarks to adjust
placement or holding of cutting jigs has been conducted using robotics. The appli-
cations of robotics can be divided into three categories depending on the applica-
tions to surgical incisure/cutting operations: (1) autonomous, (2) haptic control [20,
41], and (3) boundary control [42, 43]; therefore, robotic systems can be fully auto-
mated, hybrid, and completely manual depending on robot’s involvement during the
process. Autonomous applications are fully robotics driven with the mechanical
limitations depending on the mechanical stability and precision of the robot along
with the precision of the algorithm that robot follows. Depending on the application,
the results of a robotics use can be harmful noting that the robot would not neces-
sarily follow the footsteps of a successful surgeon. Haptic control requires surgeon
involvement in several applications such as cutting, milling, or drilling in which
case mechanical stability of the operations may alter between the robot and the
surgeon. Boundary control allows independent task management without direct
human manipulation by using algorithms based on associated preprogramming with
defined parameters of bone resection. Robodoc (THINK Surgical®) surgical system
[44] was the first active robotic system used in THA surgery that allowed complete
robotic assistance without continuous control by the surgeon throughout the proce-
dure. In particular, the placement of the polyethylene-based cartilage on the bone by
using a robot is a fine application of the robotics for implant production; however,
in many applications, complete control robots are not found to be feasible for safety
reasons.

Da Vinci robot developed and manufactured by Intuitive Surgical Inc., displayed
in Fig. 1 (reproduced and used with permission from © 2018 Intuitive Surgical,
Inc.), is a completely manual surgical robot system requiring surgeon’s full control
during the surgery and used for many different surgical applications. Biomechanical
analysis of robots’ effectiveness during THAs is mainly focused on hybrid systems’
analysis that requires comparison of robotic-assisted surgeon THA outcomes to
manual surgeries.

Robodoc, a technology developed by Curexo Technology Corporation, Fremont,
California, USA, is a robotic system used for THAs utilizing CT scans that can be
converted into three-dimensional virtual images for preoperative planning and
computer-guided drilling [45]. Preoperative CT scans are used for Robodoc com-
puter assistance for milling a femoral canal automatically and stem implant posi-
tioning. Majority of the surgical applications of Robodoc, 50% (four out of eight),
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Fig. 1 An image of da Vinci robot simulator (permitted by CESI of Hartford HealthCare)

has been posterolateral [32, 35, 39, 48], while 37.5% (three out of eight) was poste-
rior [14, 34, 37], and only one was anterolateral [31]. Accurate positioning cup
placement is observed in several of these studies [32, 34, 39] impacting the biome-
chanics of THA and a reduction on revision surgeries.

There are studies in the literature which resulted in minimal statistical significance
between hybrid and manual surgeries. For instance, no differences are found between
the hybrid and manual procedures in [35] after 1-year and 5-year follow-ups, while
robotic-assisted THA had significantly higher outcomes at 2- and 3-year follow-ups.
Honl et al. [31] reported 18% (13/74) attempted hybrid surgeries among the 154
THAS needing conversion to manual implantations as a result of failure of the system,
and the rest of the surgeries were manual; dislocation rate was higher in hybrid surgi-
cal procedures with 11 occurrences in 61 patients accounting for approximately 18%
while the same rate was 3 occurrences in 8 manual operations with p < 0.001. The
research outcomes in other Robodoc applications were mainly positive for robotic-
assisted THA surgeries. For instance, one of the comprehensive studies focused on the
application of Robodoc system investigated in the United States and Germany that
was designed to address potential human errors in performing cementless THA [46].
The system consisted of a preoperative planning computer workstation called
Orthodoc®, and a robotic arm with a high-speed milling device as an end effector was
used. One- and two-year follow up- were conducted on 127 and 93 patients, respec-
tively. Radiographs were evaluated by an independent bone radiologist and demon-
strated to be statistically better fitting and positioning of the femoral component in the
Robodoc group. There were three cases of intraoperative femoral fracture in the con-
trol group and none in the robotic-assisted group.
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The majority of the studies focused on stem placement for Robodoc-assisted
THASs’ comparison with manual surgeries. Bargar et al. [34] observed better trends
in clinical outcomes for robotic-assisted THA when compared to manual surgical
procedures with no statistical significance but favoring use of robotics; the Robodoc
system is determined to be safe and effective in producing radiographically superior
implant fit, eliminating femoral fractures, and better implant positioning for biome-
chanical success. Hananouchi et al. [37] did not find significant differences between
robotic-assisted and manual THA surgeries by analyzing the Merle d’Aubigne
scores. Lim et al. [35] observed on average about 10 min longer operational milling
time for robotic-assisted surgeries; however, superior results are attained for stem
alignment and leg length equality by using robots. As a result, there were only two
intraoperative femoral fractures occurred in the manual rasping group. During the
2-year follow-up, Nishihara et al. [39] did not find any intraoperative femoral frac-
tures. Upon 10 years follow-up, Nakamura et al. [48] did not determine any signifi-
cant differences in functional scores between the two methods. Bargar et al. [38]
determined robotic-assisted surgeries to require less revision rates as a result of
14-year follow-up with p > 0.05, while Honl et al. [31] determined the opposite as
a result of 2-year follow-ups. Upon Robodoc use, dislocation rates are determined
to be higher than the manual surgeries in [31, 34], and [32], while opposite is
observed in [38]. Figure 2a demonstrates the Robodoc surgical system’s hardware
components [65], and Fig. 2b displays the Robodoc’s robotic arm in action during a
live surgery.

There are several models of Mako technologies that are utilized for THA appli-
cations. Mako THA system, developed by Stryker®, Mahwah, NJ, utilizes pre-
defined physiological parameters and preprogrammed algorithms to allow surgical
procedure without surgeon’s control. The design of MAKOplasty THA® by Stryker
Corporation allows direct posterolateral and anterior approaches for assisting with

Fig. 2 (a) Robodoc surgical system by Curexo Technology Corporation [65]. (b) Robodoc’s live
operation use during a surgery [66]
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the acetabular cup and navigation of the femoral stem that enhances the ability to
navigate the femoral osteotomy line and the femoral rotation. The surgeon is still
responsible for the appropriate approach of THA; however, specific anatomical
landmarks are predetermined for placement of acetabular component by using the
coronal plane measurements determined prior to each surgery by using patient-
specific CT scan and CAD information [47]. These measured markings and Mako’s
ability to track the landmarks throughout the surgery make the robot a success dur-
ing the surgery [49]. The precision of coronal plane tracing makes it biomechani-
cally more precise when compared to the manual counterpart. Mako has been used
in a variety of surgical approaches including posterolateral [51, 55], posterior [22,
25, 52-54], posterior or direct anterior [30, 50, 56, 57], and direct lateral [58]. Mako
systems’ success rates are analyzed by observing surgical revision rates, cup dis-
placement, and hip mechanical stability.

There are two major recent studies in this area of interest with more than 100
observations with at least 2 years of follow-up after surgeries. Domb et al. [50]
compared acetabular cup placement using direct anterior or posterior surgical
approaches using Mako robotics on 66 patients and manual application on 66
patients with a p-value of 0.479. Banchetti et al. [27] compared Mako robotics
application on 56 patients to manual applications on 51 patients based on acetabular
cup placement and determined a p-value of 0.7276 that favors advantages of robot-
ics usage after a 2-year follow-up. Comparison of manual and robotic surgical suc-
cess differences did not find high statistical differences between robotics and manual
THA surgical methods; however, this outcome is likely to be due to the high success
rate of the manual THA. Clement et al. [52] observed Mako robots to present sig-
nificantly greater functional outcomes when compared to manual operations.
Hadley et al. [58] observed success of robotic-assisted THAs to be significantly
higher than the manual THAs. Analysis of 896 manual and 135 robotic-assisted
THA by Singh et al. [57] showed significant advantages of using robotics for 1-year
hip disability, osteoarthritis outcome score, and joint replacement scores. Kamara
etal. [53] reported robotic techniques delivering significant and immediate improve-
ment in the precision of acetabular component positioning that also has challenges
of using robotics. Kong et al. [25] identified comparable scores between manual and
robotic THA surgeries when posterior approach is used. Kong et al. [54] did not find
differences between the robotic-assisted and manual THA operations as a result of
Mako use. Manual THA is determined to have less stability and weaker functional
outcomes by Bukowski et al. [51] than the robotic-assisted surgeries, while overall
complication rates are found to be the same for the two methods upon 1-year fol-
low-up. Two years after surgeries, functional outcome scores of robotic-assisted
surgery are determined to be better than the manual counterpart, while the pain
levels are determined to be higher for THA patients by Perets et al. [56]. One-year
follow-up of both Mako system-assisted THA and manual surgery follow-ups by
Peng et al. [55] did not indicate differences in gait asymmetry between the two
cohorts. Contralateral hip mechanics analysis based on the range of motion, walk-
ing speed, and gait mechanics for hybrid and manual THAs are compared. No dif-
ferences are found in peak range of motion in the frontal or axial planes for hybrid
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surgeries, while net sagittal plane range of motion was significantly reduced. After
5 years, Domb et al. [50] analyzed PROMs indicating robotic-assisted surgeries to
perform better than the manual counterpart. Using Mako Stryker, the robotic arm
and traditional surgical procedures are compared in [60], and it is concluded that
robotic-assisted surgery reduced postoperative pain and surgical time as well as
reduced days of independent walking. The revision rates of robotic-assisted surger-
ies determined to be either same [59] or lower [50, 51, 56] for the use of Mako
surgical systems, while only one study determined Mako systems to have 1% more
revision rate than manual THA [53]. The dislocation rates observed for Mako sys-
tems utilization is controversial; lower dislocations are determined in [51, 54] while
the contrary is observed in [50, 53]. Figure 3 displays the Mako surgical system
integrated to da Vinci robot in a surgical room.

Kuka’s LBR iiwa robot is a recent robotics technology when compared to Mako
and Robodoc that is used as a haptic device to provide high-force feedback for an
orthopedic surgeon while performing the reaming of the acetabula in a virtual envi-
ronment [15]. It is shown that the designed robotic-assisted surgery is intuitive and
reliable from users’ perspective. Mechanical properties on hip reaming are modeled
in [51], resulting in a tissue-based material model of the acetabulum for force feed-
back by using virtual reality (VR) hip reaming simulator. The resulting forces were
delivered using Kuka’s iiwa robotic arm as a force feedback device. Mechanical
data is attained using high-force surgical interventions as a baseline data for

Fig. 3 Mako surgical system shown on the side robotic-assisted surgery [68]
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material models and biomechanical considerations; the model developed by the
authors allows THA surgeons to train with a variety of machining hardness levels of
acetabula for haptic VR acetabulum reaming [51].

Cyclic loading and motion of the hip joint induce micromotions at the bone-
implant interface of cementless total hip replacements. Osseointegration and long-
term survival are observed to be impacted by initial stability of THA [61]. Noting
the impacts of robotics on cup placement precision, while fixation of femoral stems
achieves good clinical results and therefore biomechanical success, the fixation of
acetabular components remains a challenge.

As much as the robots may be useful for surgical procedures, surgical teams’
level of experiences may limit the design and implementation of surgical robots that
may relate to exploring how to provide haptic feedback during the robotic surgery
[62, 63]. Additionally, a critical factor to be incorporated in robotic surgery is the
use of techniques such as drilling [37]. The selection of hole drilling location and
method of incision with the corresponding site selection can be identified and speci-
fied during computer-assisted systems with the use of robots for surgical proce-
dures. This approach can either be used as a guide to the surgeon or provide
information to the robot that can be used for surgical procedures. Figure 4 is an
image of a Kuka robot used for medical technology to attain optimum solutions for
robot-based medical products [70].

CASPAR systems are used similarly to Robodoc; preoperative CT scans are used
for this system with computer assistance for milling a femoral canal automatically
and stem implant positioning. Revisions of surgeries, complications, and hetero-
topic ossification appeared to be higher for CASPAR systems, although both posi-
tive and negative results are attained as a part of the surgical procedures from
robotics application perspective; CASPAR robots are no longer available for surgi-
cal procedures [64].

Fig. 4 Kuka robot used for medical technology: optimum solutions for robot-based medical prod-
ucts [70]
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3 Conclusions and Future Research Directions

THA is one of the most successful orthopedic operations ever devised with the end
goal of restoration of the normal hip physiology [3]. Restoration of normal hip
anatomy and biomechanics is a key surgical goal for success of THA [40]. Analysis
of revision rates, hip dislocation, accurate cup positioning, and implant design and
placement plays a crucial role in biomechanical success. The majority of the
research results focused on two robotic systems, Mako and Robodoc, which are
used for THA. Robotics technologies are proven to better precision and cup place-
ments during THA. Challenges faced for robotics use in these applications include
surgeon training, extended surgical hours, and economical costs. Consequences of
biomechanical success can be measured by analyzing dislocation rates and revision
rates. Neither Mako nor Robodoc systems display a consistent positive outcome for
either one of dislocation rates or revision rates; however, the surgical follow-ups
have shown high PROM values and better accuracy rates for implant sizing and
location that help to minimize risks of leg length discrepancies, dislocations, and
other complications of conventional hip replacements. Newer technologies such as
Kuka can be used with VR. Future of the advanced and successful THAs may be
upon the successful integration of technologies such as robotics, VR, and Artificial
Intelligence (AI). Noting that robotics systems have existing success records in
THA for assisting surgeons, factors such as surgeon’s success, programming of the
robot for THA procedures, and physiological conditions can be other factors impact-
ing the successful outcomes of robotic-assisted surgeries.
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