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Abstract: This current concepts article reviews the literature pertaining to the use of robot-assisted 

systems in total hip arthroplasty (THA). The bulk of the literature is regarding the MAKO (currently 

the most used system worldwide) and the historic ROBODOC robotic systems. There is a paucity 

of literature available on other systems, with several still in pilot-phase development. Whilst the 

evidence shows improved radiological outcomes with robotic THA, functional outcomes are equiv-

ocal between conventional and robotic techniques. Acceptance of robotic THA worldwide is limited 

by its accessibility including cost, and by already exceptional results with the conventional tech-

nique. It is, however, a rapidly developing area of orthopaedic surgery. This article discusses the 

history of robotics in THA, current surgical techniques, functional and radiological outcomes, and 

ongoing avenues for development. 
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1. Introduction 

The first successful total hip arthroplasty was performed in 1951 by McKee and Far-

rar [1]. Initial attempts at THA were troubled by inadequate fixation methods in the femur 

and pelvis, in addition to significant soft tissue reactions secondary to poorly performing 

bearing materials, with resultant poor survivorship. THA was revolutionised in 1971 with 

the development of the low friction arthroplasty by Sir John Charnley [2]. The results of 

this implant demonstrated survivorship in the region of 80% at 25 years and led to some 

authors heralding THA “The operation of the century” [3]. Since Charnley’s early success, 

the outcomes for THA have continued to improve. Currently, the benchmark for THA 

revision in the Australian Orthopaedic Association’s Joint Replacement Registry (AO-

ANJRR) is 4.4% at 10 years and 6.5% at 15 years [4]. Improvements have undoubtedly 

resulted from reduced wear rates associated with improved bearing materials, increas-

ingly robust fixation methods and modularity within implants allowing the surgeon to 

recreate patient anatomy with greater accuracy. More recently, increasing focus has 

turned to the use of robotics in THA in the hope that it may provide a gateway to further 

progress. Proponents of robotics hope that it can lead to more individualised implant po-

sitioning, better precision, and fewer surgical errors, which in turn will result in improved 

patient outcomes with lower revision rates. Whilst the use of robotics within other surgi-

cal specialties quickly became commonplace, the uptake has been slower within ortho-

paedics. The reasons for this are likely multifactorial, but may be related to the significant 

costs, the learning curves associated with the technique and the already impressive results 

associated with conventional techniques. This article discusses the history of robotics in 

THA, its current role and use, outcomes, and ongoing avenues for development. 
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2. History 

It is widely accepted that component positioning in THA is crucial to patient function 

and implant survival. Component malpositioning can increase wear rates in THA, short-

ening the longevity of the implant [5]. Inaccurate positioning can also lead to dislocation, 

impingement or periprosthetic fracture [6]. The use of robotics in THA has evolved over 

the past 30 years, attempting to reduce human error in component positioning and thus 

to improve outcomes in this widely adopted procedure. 

The concept of automated arthroplasty was first raised in 1986 by Drs Howard Paul 

and William Barger. Their system, known as ROBODOC Surgical Assistant Systems (Sac-

ramento, CA, USA), was an autonomous system that required the operator to input pre-

operative planning information, and would then perform the procedure without direct 

surgeon guidance. After placing navigational pins on the femur, a computed tomography 

(CT) scan was taken and loaded onto a computer workstation called ORTHODOC. This 

workstation then produced a three-dimensional model of the bony anatomy and was used 

to select appropriately sized components for accurate insertion in the respective patient 

[7]. With the patient rigidly fixed with bone pins to maintain a stable working field, RO-

BODOC then automatically carries out preparation of the bony surfaces to match the pre-

operative surgical plan [8]. 

Following a canine trial and a feasibility study, a multicentre clinical trial was under-

taken in 1993 involving 300 patients, of which 150 received a robotic, and 150 received a 

conventional THA [9]. Although there was no significant difference in function or hospital 

length of stay between treatment arms, the ROBODOC group had significantly improved 

femoral component positioning [10]. By the late 1990s, over 800 patients worldwide had 

received a ROBODOC-assisted robotic THA and by 2017, over 17,000 [7,11]. The ORTHO-

DOC system remains in use today, although at various stages since its development, con-

cerns have been raised about the rates of soft tissue injury, periprosthetic fracture and a 

relatively high conversion rate to conventional THA intraoperatively [12]. 

In the intervening years, several other robotic-assisted modalities have been devel-

oped and introduced into clinical practice. The CASPAR (Rastatt, Germany) robotic-as-

sisted system was introduced in Germany in the 1990s. Like the ROBODOC system, it was 

also an autonomous/active robotic-assisted system; however, it is not in current use today 

after early studies showed unacceptable intra-operative complication rates and poor post-

operative functional outcomes when compared to conventional THA [13]. 

Problems associated with active robot systems, given their lack of surgeon input, led 

to the development of semi-active systems. The ACROBOT (The Acrobot Co. Ltd., Lon-

don, UK) was initially developed for use in hip resurfacing and the system involved the 

surgeon moving a robotic arm which constrained within a pre-planned field to prevent 

diversion from the preoperative plan. This technology was acquired by Stryker Ltd. (Kal-

amazoo, MI, USA) after the development of the MAKO robotic-arm-assisted system, to 

settle a patent infringement in 2013 [14]. The MAKO system functions in a similar fashion 

as a haptic/semi-active system where the surgeon can operate the robotic arm manually 

within predetermined system constraints for placement of the acetabular component of 

the THA. It provides visual, tactile (haptic), and auditory prompts, minimising deviation 

from the pre-operative plan [15] (Figure 1). MAKO Surgical Corp. was founded in 2004, 

with the initial area of advancement being in partial knee arthroplasty. The first MAKO 

robotic-arm-assisted THA was undertaken in October 2010 with commercial launch in 

2011. MAKO Surgical Corp. was acquired by Stryker in 2013. In 2015, they released their 

third-generation THA, which enabled surgeons to use Stryker implants on the MAKO 

platform, and this model received FDA-approval in the same year. This system uses a 

range of implants and is also based on a pre-operative CT that creates three-dimensional 

images of patient anatomy and can be applied to all approaches to THA [16]. The MAKO 

robotic-arm-assisted system is the most widely adopted robotic arthroplasty system 

worldwide and currently dominates the market, but other companies have developed 

semi-active systems of their own, including the ROSA system (Zimmer-Biomet, Warsaw, 
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Indiana), VELYS (DePuy Synthes, Rayham, MA, USA), and CORI (Smith & Nephew, Wat-

ford, UK). 

 

Figure 1. Stryker MAKO robot with acetabular reamer attachment. 

Where the ROSA system differs is that it is explicitly used for the direct anterior sur-

gical approach to the hip. The ROSA does not use pre-operative CT scanning or bone 

tracker pins for intra-operative navigation, and instead uses intra-operative fluoroscopic 

guidance. Their surgical planning tool uses preoperative X-rays as a guide [17] (Figure 2). 

 

Figure 2. ROSA system including example of planning system. 

Whilst many other commercially available orthopaedic robotic systems are not cur-

rently utilised for hip replacements, the CORI system has been used for THA in pilot cases 

with further developments ongoing. 

3. Current Role 

The implementation of robotic THA systems worldwide has increased exponentially 

in recent years. A multidisciplinary approach to research and system implementation has 

led to this increase, most notably since 2014. The predominant body of evidence is centred 

on the three robotic hip systems, MAKO, ROBODOC, and CASPAR, which are manufac-

tured in the United States and Germany [18]. Whilst this paper will primarily review the 

MAKO robotic-arm-assisted system given its current dominance in robotic hip arthro-

plasty, it will make brief mention of other systems where their processes markedly differ. 
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Stages of Robotic Total Hip Arthroplasty 

(1) Preoperative planning 

In THA, planning involves adequate imaging for understanding the relevant patient 

anatomy, and to ensure the most appropriate implant and its relative position is chosen 

for the patient. This phase is a prerequisite for robotic THA; however, it has been intro-

duced for some manual systems as well. A CT scan of the pelvis and full-length femur is 

taken to provide cross-sectional information in axial, sagittal and coronal planes [19]. This 

is used to computer-generate a patient-specific 3D model of their native pelvic and femo-

ral anatomy, which is then used to create a preoperative plan for implant size, type, and 

positioning. Bony landmarks are the basis upon which accurate implant positioning is 

determined, and are used to calculate cup position, inclination, version, and centre of ro-

tation (COR), femoral stem size and head length, combined offset, and correction of any 

pre-existing leg length discrepancy (Figures 3 and 4). 

 

Figure 3. MAKO robotic-arm-assisted system planning of femoral stem insertion in coronal and 

transverse planes. The dark blue stem position is relative to 0 degrees (yellow horizontal line). The 

pink dot indicates the native centre of the femoral head, the orange dot represents the centre of the 

lesser trochanter, and the blue dot landmarks the selected stem head centre. The pink pine indicates 

the edge of the bone. These colour indications are consistent through all further pre-operative plan-

ning images below. 

 

Figure 4. MAKO-assisted robotic THA planning cup placement. The green area is the planned 

bone to be removed when reaming, and the green dot indicates the planned cup centre. 



J. Clin. Med. 2022, 11, 6674 5 of 17 
 

 

In contrast to MAKO, the ROBODOC system requires patients to undergo a separate 

procedure under local anaesthesia in an outpatient surgical setting within 24 h of the sur-

gery to place locator pins in the femur (two in the epicondyles above the knee and one in 

the greater trochanter). The patient then has a CT scan which is then transferred to the 

ORTHODOC planning station. Implant position is determined by the surgeon on the scan 

and then this information is transferred to ROBODOC [8]. 

The ROSA system does not use a CT scan preoperatively but relies on plain radio-

graphs, with antero-posterior and lateral standing and sitting views [20]. 

The importance of spinopelvic mobility to the success of THA surgery has been rec-

ognised and incorporated into contemporary preoperative planning systems. Spinopelvic 

mobility incorporates the complex relationship between the spine, pelvis, and hip. Pa-

tients with advanced arthritis may have abnormal spinopelvic alignment or sagittal im-

balances through the flexion arc between sitting and standing [19]. Consequently, this co-

hort has higher rates of dislocation, especially in those with biological or surgical spinal 

fusions, due to malpositioning of the acetabular component [21–23]. In a conventional 

THA, it is difficult to conceptualise the spinopelvic relationship. Integration of spinopelvic 

parameters into robotic technology, however, can guide restoration of native pelvic kine-

matics [24,25]. 

(2) Surgical preparation and approach 

The operative plan is displayed on a computer and positioned in front of the surgeon. 

The choice of surgical approach is surgeon-dependent and must be applicable to the ro-

botic system in use. For example, with the MAKO system and posterior approach, the 

patient is in the lateral decubitus position, and as guided by the computer software prior 

to sterile preparation, the surgeon inserts navigation pins into the iliac crest of the opera-

tive hip with an aseptic technique (Figure 5). 

 

Figure 5. Intra-operative set-up, with screen displaying operative screen positioned conveniently 

for the surgeon. 

The standard direct anterior approach is slightly modified for a robotic procedure. 

The patient is still supine; however, the incision is more oblique distally towards the thigh, 

to allow reduced muscle tension and exposure of the anterior trochanteric region [26]. The 

pins are placed into the thickest part of the contralateral iliac crest, and the pelvic attach-

ment device is inserted on to the pins to connect the surgeon and software via the infrared 

camera as the acetabulum is registered [24,25]. Once this is complete, the joint is exposed 

without input from the robot. 

(3) Surgical technique 

(i) Registration process 
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Each bone that is to be prepared by the MAKO robot requires registration, and is 

fixed to either the robot itself, or a tracker. Once the femoral head has been dislocated, two 

further screws can be inserted into the proximal femur: one to hold the array for the infra-

red camera and one as a “checkpoint” for accuracy of bone registration [23] (Figure 6). The 

specific positions of the pins are determined by the surgical approach used [25]. Using the 

previously inserted navigation pins as a guide, 32 specific bony points are registered with 

a probe to allow the robot to match the patient’s anatomy with the preoperative CT scan. 

The same process is repeated for the acetabulum, with a pelvic check point screw inserted 

in the posterosuperior aspect of the acetabular rim, and 32 points are again registered [24] 

(Figure 7). If these screws are to come loose, values become inaccurate, and the registration 

process must be repeated [26]. 

 

Figure 6. Tracking array positioned in iliac crest with hand-held array to map the acetabulum. 

 

Figure 7. Pelvic registration. The blue areas are checkpoints to be verified with the probe, as listed 

on the top right of the image. The green dots indicate where the probe has registered points ex-

actly as planned, and yellow dots indicate where the registration is slightly off plane. 

For the ROSA system, once ensuring the C-Arm is accurately positioned over the 

pelvis, AP images of the hip and pelvis are taken. Landmarks for reference are then 
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positioned at the teardrop, anterior pelvic brim, obturator foramina minor and major, 

lesser trochanter, medial and lateral aspects of proximal femoral shafts, and the centre of 

the femoral head [20]. 

For ROBODOC, after diagnostic checks, the surgeon orientates the robot to the fem-

oral pins and directs the robotic arm to the femoral cavity [7]. 

(ii) Femoral preparation 

Whilst the femur can use navigation assistance from the robot, the execution is man-

ual, hence the majority of MAKO THA’s are performed with pelvic pins only, and femoral 

version is determined visually and confirmed robotically. Once registration is complete, 

the level of neck osteotomy is determined by again touching the probe to the bone (Figure 

8). This line is marked with electrocautery or surgical marker on the proximal femur, the 

cut is made, and the femoral head resected [27]. Sequential broaches are used to prepare 

the femoral canal in line with the surgical technique for the chosen implant, with the final 

broach measuring the anteversion. The femoral broach array can be attached to the corre-

sponding neck taper, and position assessed. Combined anteversion values can be altered 

once this final broach version is confirmed by changing the planned acetabular orienta-

tion. The femoral stem is inserted manually and seated with appropriate instrumentation 

[14,24,27]. 

 

Figure 8. Intra-operative image templating neck resection (green line). The blue area is a registra-

tion point, and the yellow arrow is the starting point for probe registration. 

The ROSA system requires the femoral canal to be prepared manually with conven-

tional instrumentation. Once this is done, ROSA will progress to the trial step to measure 

leg length and offset discrepancies [20]. 

(iii) Acetabular preparation and placement 

Once the surgeon has decided upon the final desired cup position, the MAKO system 

takes the planned position of the acetabular component and determines a haptic zone 

within which the reamer can move. This provides auditory, tactile, and on-screen feed-

back to ensure accuracy with the preoperative plan. A single reamer is utilised, and the 

robotic arm is manoeuvred within the zone to ream the predetermined area within the 

pelvis to allow accurate implantation of the acetabular component [14]. The component is 

maintained within 3 degrees of planned inclination and version by the robotic arm, whilst 

the surgeon impacts the shell, monitoring depth with optic tracking during the process 

[24,27] (Figures 9–12). Final cup position is then assessed and has been shown to be repro-

ducible and accurate. 
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Figure 9. MAKO robotic arm attached to an acetabular reamer to provide feedback and guide sur-

gical reaming of the acetabulum intraoperatively. 

 

Figure 10. Intra-operative images detailing acetabular reaming relative to pre-operative plan. The 

blue areas indicate the reamer position. The green area is the area to be reamed, and the red area 

denotes minimal deviation from pre-operative plan (any further and the system would shut off), 

and the numbers in white indicate real-time distance from pre-operative plan as the operator 

reams. 

 

Figure 11. Feedback of depth of cup impaction. The red cross in the top right indicates the system 

is not “locked in”, and as indicated by “distance remaining”, the cup is placed in accordance with 

the plan. 
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Figure 12. Insertion of cup using MAKO system. 

In contrast, the ROSA system requires the acetabulum to be prepared and completed 

before the femur. The femoral head is resected, and the acetabulum is reamed manually 

according to the surgeon’s plan. Once the implant is positioned relative to the acetabulum, 

the robotic arm is connected, and the image is recalibrated with the same landmarks ref-

erenced again. The preoperative X-ray can be superimposed on the new images for com-

parison. The cup is moved into a desired orientation under fluoroscopic guidance, aiming 

for inclination and version within 2 degrees of the target values. Once the position is con-

firmed, the cup is impacted [20]. 

(iv) Intra-operative assessment of stability and position 

With the MAKO system, once the femoral taper and head are positioned, the hip is 

reduced, and the stability of the prosthesis is assessed. The femoral array is placed on to 

the femoral screw, and the computer assesses leg length and offset values through motion, 

displaying the final values as compared to the preoperative plan [26] (Figure 13). The hip 

is moved through range to assess stability, and any adjustments to a shorter or longer 

head length can be made. The software must be updated if there is any deviation for the 

preoperative plan [27]. 

 

Figure 13. Post-reduction assessment detailing comparable leg lengths and offset to contralateral 

side. The yellow lines cross bilateral greater trochanters, and the green lines cross bilateral lesser 

trochanters, showing equivocal leg lengths. 
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ROSA uses the same landmarks throughout to assess leg length and offset and cal-

culates any discrepancy. Every fluoroscopic image must have the teardrop, proximal third 

of the femoral shaft, and lesser trochanter visible, and the acetabular component centred 

in the image to maintain accuracy. The reference landmarks and completion images are 

overlaid to make final comparisons [20]. 

4. Outcomes and Current Controversies 

4.1. Radiological Outcomes 

4.1.1. Accuracy of Implant Placement 

Accuracy of implant placement, as assessed radiographically, is a key point in the 

analysis of robotic THA outcomes. More accurate acetabular component positioning re-

duces the risk of dislocation and ultimately revision. To achieve this, surgeons use pre-

operatively determined “safe zones”, as defined by either Lewinnek et al. (inclination 10–

30 degrees; anteversion 5–25 degrees) or Callanan et al. (inclination 30–45 degrees; ante-

version 5–25 degrees) [28–30]. 

Emara et al. described in their systematic review that robotic THA had superior ace-

tabular cup positioning within both Lewinnek’s and Callanan’s safe zones in the 10 stud-

ies they reviewed [31]. Additionally, Chen et al., in a meta-analysis primarily assessing 

complications post-robotic THA, found more accurate acetabular cup placement in the 

robotic cohort, which they perceived to be advantageous towards less experienced sur-

geons, as the robotic systems allows the surgeon to assess cup placement intra-opera-

tively, as well as improve accuracy in patients with an increased body mass index (BMI) 

[32]. 

4.1.2. Heterotopic Ossification (HO) 

HO is a post-THA finding that describes abnormal bone growth around soft tissues, 

conferring increased joint stiffness and reduced movement. Chen et al.’s meta-analysis 

found higher HO rates post-robotic THA; however, Han et al.’s meta-analysis (with the 

difference between the two being the inclusion of Honl et al.’s prospective study that 

demonstrated equivocal HO rates) found no significant difference between the robotic 

and conventional cohorts. It is important to note that all observed studies were based on 

the ROBODOC system [15,33,34]. Given HO is attributed to muscle trauma, it was initially 

expected that this should be lower in a robotic THA cohort. However, with a more accu-

rate robotic-guided resection, the ROBODOC system requires greater soft tissue exposure 

for pin placement which may contribute. 

4.1.3. Leg Length Discrepancy (LLD) 

LLD of varying degrees is relatively common post-THA and is one the leading causes 

of legal action against orthopaedic surgeons [35]. It is generally accepted that the patient 

will be cognisant of the discrepancy if shortening is >10 mm or lengthening is >6 mm [36]. 

Several studies have reported on the resulting LLD between conventional and robotic 

THA. Clement et al. showed significance in restoration of leg length in a robotic treatment 

arm [37]. In nine studies reviewed in their meta-analysis, Kumar et al. showed a statisti-

cally significant reduction in LLD in the robotic THA cohort [38]. Conversely, Domb et al., 

in a comparative analysis of 1980 hips managed with one of six surgical techniques, in-

cluding robotic-guided anterior and posterior THA, conventional and navigation and 

fluoroscopic-guided THA, demonstrated rates of LLD to be comparable across all treat-

ment arms, and within an acceptable range [39]. Emara et al. found in their meta-analysis 

robotic THA to have a significantly lower LLD across nine studies [31]. 

4.2. Functional Outcomes 

Many studies have reported functional outcomes (including patient reported out-

come measures [PROMs]) between robotic and conventional THA. Clement et al. assessed 
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120 patients (40 robotic and 80 conventional) with a mean follow-up of 10 months [37]. 

Their robotic cohort had significantly greater postoperative Oxford Hip Scores (OHS) and 

Forgotten Joint Scores (FJS), and the smaller standard deviation for these groups relative 

to the conventional group suggested a more reliable distribution of outcomes. No patients 

were “dissatisfied” by their robotic hip, whilst six patients from the conventional group 

were, although this was statistically insignificant [37]. Similarly, in a propensity score-

matched study of 66 robotic and 66 conventional THAs followed-up over a minimum 5-

year follow-up period, Domb et al. showed significantly higher Harris Hip scores (HHS), 

FJS and Veterans RAND 12 Physical (VR-12 Physical) for their robotic cohort [40]. 

Nishihara et al. assessed functional outcomes relative to stem implantation in 156 

primary hips (78 robotically milled, 78 hand-rasped). Although there was no difference 

between the two cohorts in time to walking 500 metres with no walking aid, the robotic 

THA cohort did have a greater number of patients walking six blocks within 13 days of 

the operation, and this was statistically significant [41]. Additionally, whilst there was no 

difference in the Merle D’Aubigne hip score pre-operatively or at 3 months post-opera-

tively, at 2 years the robotic cohort had a significant improvement. This suggests there 

may be some benefit in both the early post-operative period for rehabilitation and long 

term [41]. 

In contrast, Samuel et al.’s systematic review appraised 18 studies with a total of 2811 

patients and overall found no significant difference in functional outcomes across a range 

of PROMs between the robotic and conventional THAs. Interestingly, when evaluating 

the MAKO and ROBODOC systems independently across PROMs, a majority of pooled 

analyses also found no significant difference [42]. Han et al. included 14 trials in their 

meta-analysis, of which 6 studies assessed functional outcomes across the HHS, Western 

Ontario and McMaster Universities (WOMAC) osteoarthritis index or the Merle 

d’Aubigne hip score. No study demonstrated significant difference in post-operative clin-

ical outcomes between the robotic and conventional THA [33]. 

Overall, Chen et al. have shown that whilst there may be some medium-term studies 

that show the robotic THA cohort have improved functional scores at the 2–3 years post-

operative mark, they are equivocal at 5 years [32]. 

4.3. Complications 

4.3.1. Infection 

Prosthetic joint infection can be catastrophic, and minimisation of risk and manage-

ment of infection is important when assessing outcomes pertaining to hip arthroplasty. 

Illgen et al. found no difference in infection rates between matched robotic and conven-

tional THA cohorts [43]. Samuel et al.’s 2021 systematic review also found no significant 

difference in infection rates, although there is not a substantial body of evidence available 

to validate this [42]. Interestingly, initial reports in the AOANJRR showed increased revi-

sion rates in robotic unicompartmental knee arthroplasty for infection; however, this has 

shown a trend towards insignificance in the latest report [4]. Theoretically, there may be 

a greater infection risk with greater numbers of operating room personnel and the inser-

tion of extra bone pins, and the robotic arm may be manoeuvred above the surgeon or 

their assistant’s chest, leading to compromise of sterility early in their practice. However, 

these occurrences have not been validated in the literature. 

4.3.2. Blood Loss 

Reducing blood loss can hasten recovery time and hospital length of stay. Earlier data 

based on procedures using ROBODOC by Schulz et al. showed a higher intraoperative 

blood loss, but the recent trend has been equivocal [8]. With more modern systems, how-

ever, and despite a longer operation time, Bukowski et al. demonstrated a significantly 

reduced blood loss (374 +/− 133 mL vs. 423 +/− 186 mL) [44]. However, again with a longer 

operation time, Lim et al. found no significant difference between the two treatment arms 
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(1010cc robotic vs. 895cc conventional), and this was supported by Chen et al. in their 

meta-analysis [15,45]. 

4.3.3. Operative Time 

Longer surgical time increases the risk of blood loss and infection. Kumar et al. 

showed an average operative time of 19 min longer per robotic THA than conventional 

[38]. However, Chen et al. showed no statistically significant difference in surgical time 

[15]. 

4.3.4. Learning Curve 

Whilst the learning curve to associated with implementing robotic THA into clinical 

practice tends to be time and efficiency related, several studies have reported on accuracy 

and outcome measures. Ng et al. have described a learning curve of 12–35 robotic THA 

procedures, and Redmond et al. demonstrated a significantly lower risk of acetabular 

component malpositioning and reduced operative time with increased robotic surgical 

experience [46,47]. Kamara et al. showed a shorter period, with competency achieved after 

only 10 robotic procedures, and this was reiterated by Kayani et al., with a learning curve 

of 12 cases [48,49]. Interestingly, in a prospective trial of 120 patients comparing newly 

fellowed and senior arthroplasty surgeons between both anterior and posterior ap-

proaches, Kolodychuk et al. found that use of robotic-assisted technology mitigated the 

learning curve for the new surgeon, as evidenced by no significant difference in radiolog-

ical outcomes and operative time across both the anterior and posterior approaches to 

THA when compared to an experienced surgeon [50]. 

4.3.5. Dislocation and Revision Rates 

Domb et al. found no significant difference in the robotic THA revision rate in com-

parison to conventional THA over a five-year period; however, the suggestion was made 

that their more accurate cup placement leads to improved functional outcomes and en-

hanced prosthesis durability [40]. Samuel et al. also demonstrated equivocal revision rates 

between the conventional and robotic cohorts in their systematic review at varying follow-

up rates between 90 days and 14 years, with zero of the seven studies reviewed showing 

statistical significance. Additionally, the five studies specifically comparing MAKO ro-

botic THA and conventional THA had the same findings [42]. This comparable revision 

rate was reiterated by Kumar et al. in their systematic review and meta-analysis [38]. Both 

studies also demonstrated an equivocal dislocation rate [38,42]. 

4.3.6. Radiation Exposure 

Tarwala et al. have commented on the requirement for a preoperative CT scan, in-

stead of the usual plain film radiographs, subjecting patients to a three-fold increase in 

radiation exposure [24]. However, it does remove the requirement for fluoroscopy for 

THA from an anterior approach, and novel scanning techniques dramatically reduce the 

radiation dose conferred during scanning without compromising image quality [51]. 

4.3.7. Cost 

The question also looms of the cost-efficiency of implementing new systems and tech-

nology, when compared to an already costly conventional technique. Use of a robotic THA 

system includes costs such as installation of the robot and its relevant software, annual 

service fees, training of theatre staff, equipment, sterilisation, and additional costs associ-

ated with preoperative imaging. It may be difficult to justify the high start-up costs given 

that the existing body of evidence has not shown any significant difference in outcomes. 

With so few companies manufacturing surgical robots, start-up costs are reported as 

over one million dollars for the robot itself, not including implants, disposable equipment, 

annual servicing, and maintenance. However, development of Smith & Nephew’s CORI 
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system adds competition to the market, and we expect to see a reduction in overall cost as 

a result. 

Despite this, there are financial advantages to consider. Reduced complication and 

re-operation rates could offset the heavy start-up costs over time, as could a fewer number 

of trays which would minimise costs associated with sterilisation [52]. Additionally, when 

incorporating 90-day resource consumption, assessing costs associated with the index 

procedure, hospital LOS and rehabilitation, Pierce et al. showed the robotic THA to aver-

age USD $785 less than conventional, attributable to a lower requirement for rehabilitation 

and home nursing postoperatively [53]. 

Data based on the American health care system, published by Maldonado et al., 

found robotic THA to be cost-effective for patients both under Medicare and those pri-

vately insured. They assessed costs associated with infection, dislocation, major compli-

cations, and revision over five years, and found that overall, robotic THA saved USD 945 

for Medicare and up to USD $1810 for private patients [54]. Conversely, in a statistically 

matched cohort, Kirchner et al. found robotic THA to have a higher associated cost when 

compared to conventional THA, despite a shorter hospital length of stay (LOS) [55]. Font-

alis et al. suggest that implementation of robotic THA systems could be feasible if they 

reduce overall hospital LOS and complications, and increase implant longevity; however, 

the current body of evidence is inadequate [12]. 

The above outcomes are summarised below in Table 1. 

Table 1. Summary of papers reviewed in this article. 

Author Year  Design 
Robot 

Type 
Evidence 

Bukowski et al. 

[44] 
2016 Retrospective MAKO 

rTHA reduced blood loss vs. cTHA (374 +/− 133 mL vs. 423 +/− 186 mL, 

p = 0.035) 

Chen et al. [15] 2018 

Systematic re-

view and meta-

analysis 

 

No significant difference in surgical time rTHA vs. cTHA (however, fa-

voured cTHA) 

Higher HO rate post rTHA (32/142 rTHA vs. 18/133 cTHA, p = 0.04) 

Chen et al. [32] 2021 Review  

rTHA more accurate acetabular cup placement 

Equivocal functional scores rTHA vs. cTHA at 5 years 

Equivocal blood loss rTHA vs. cTHA 

Clement et al. 

[37] 
2021 

Propensity 

score-matched 

prospective 

MAKO 

rTHA significantly superior restoration of leg length (2.3 mm greater 

rTHA vs. 3.6 mm cTHA)  

rTHA–significantly higher OHS (2.5 points) and FJS (21.1 points) with 

FJS having clinical significance 

Domb et al. [39] 2015 Retrospective MAKO 
Comparable LLD rates rTHA vs. cTHA (97% <10 mm, no significant 

difference rTHA vs. cTHA) 

Domb et al. [40] 2020 

Propensity 

score-matched 

retrospective 

MAKO 
rTHA higher HHS, FJS and VR-12 Physical (all significant) 

No significant difference in revision rates over 5 years 

Emara et al. 

[31] 
2021 

Systematic re-

view and meta-

analysis 

 
rTHA superior acetabular cup positioning (significant) 

rTHA significantly lower LLD vs. cTHA (−0.33 mm vs. −1.24 mm) 

Han et al. [33] 2019 

Systematic re-

view and meta-

analysis 

 

No significant difference in development of HO rTHA vs. cTHA 

No difference rTHA vs. cTHA in HHS, WOMAC, Merle D’Aubigne 

scores post-operatively (none reaching significance) 

Illgen et al. [43] 2017 Retrospective  MAKO rTHA vs. cTHA no difference in infection rates 

Kamara et al. 

[48] 
2017 Retrospective MAKO rTHA competency achieved after 10 procedures 
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Kayani et al. 

[49] 
2021 Prospective  MAKO rTHA competency achieved after 12 procedures 

Kirchner et al. 

[55] 
2021 Retrospective 

Not 

speci-

fied 

rTHA higher cost (USD $20,046 vs. cTHA USD $18,258), despite 

shorter hospital LOS 

Kolodychuk et 

al. [50] 
2021 Prospective 

Not 

speci-

fied 

rTHA mitigated learning curve, with no significant difference in radio-

logical outcomes and operative time between new and experienced 

surgeons 

Kumar et al. 

[38] 
2021 

Systematic re-

view and meta-

analysis 

 

rTHA reduced LLD vs. cTHA (mean difference 1.44 mm, p = 0.01) 

rTHA longer operative time (mean difference 19.48 min, p = 0.02) 

No significant difference in dislocation and revision rates rTHA vs. 

cTHA 

Lim et al. [45] 2015 Prospective 
RO-

BODOC 
No significant difference in blood loss (rTHA 1010cc vs. cTHA 895cc) 

Maldonado et 

al. [54] 
2021 

Computer sim-

ulation 
 

rTHA significant cost reduction, saving USD 945 per public patient, 

and USD 1810 for private patients 

Ng et al. [46] 2021 

Systematic re-

view and meta-

analysis 

 Learning curve to rTHA competency 12–35 patients 

Nishihara et al. 

[41] 
2006 Prospective  

 

OR-

THO-

DOC 

ISS 

Equivocal time to walking 500 m, rTHA > cTHA number of patients 

walking 6 blocks in 13 days (significant) 

Equivocal Merle d’Aubigne hip score 3 months post-operatively 

(rTHA 15.8 vs. cTHA 15.3, insignificant), rTHA significantly improved 

scores on the same scale at 2 years (rTHA 17.4 vs. 17.1) 

Pierce et al. [53] 2022 

Propensity 

score-matched 

retrospective 

Not 

speci-

fied 

rTHA overall lower 90-day cost (assessing index procedure, hospital 

LOS and rehabilitation) averaging USD 785 less per patient. 

Redmond et al. 

[47] 
2015 Retrospective MAKO 

Significantly lower risk of malpositioned acetabular cup (103/105 in 

Lewinnek’s safe zone, and 99/105 in Callanan’s safe zone) and a shorter 

operating time with the final 70 rTHA cases, which reached signifi-

cance. 

Samuel et al. 

[42] 
2021 

Systematic re-

view 
 

No significant difference in functional outcomes, and between MAKO 

and ROBODOC 

No significant difference in infection rates 

Equivocal dislocation and revision rates rTHA vs. cTHA 

Schulz et al. [8] 2007 Prospective 
RO-

BODOC 
rTHA higher intraoperative blood loss and transfusion requirement 

Tarwala et al. 

[24] 
2011 Review  

rTHA 3x increase in radiation exposure due to pre-operative planning 

CT scan 

5. A Look to the Future 

Modelling by Sloan et al. shows primary THA rates in the United States are expected 

to grow 71% to 635,000 joints by 2030, and by 2060, an expected 1.23 million THA each 

year (a 330% increase on current numbers) [56]. Australian rates see a similar rise; Acker-

man et al. predict a 208% rise in primary THA by 2030, conferring a total cost for the Aus-

tralian healthcare system of AUD $5.32 billion. They identify that a population level re-

duction in obesity rates could amount to 8062 less primary total knee and total hip arthro-

plasties, with a saving of AUD $170 million to the healthcare system. These concerning 

numbers, with no evidence of down-trending obesity rates, demonstrate an untenable fu-

ture to our healthcare system in conjunction with the expected rise in revision THA in our 

ageing population [57]. Almost fifty thousand THA’s were performed in Australia in 2020 
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alone (a 123% increase since 2003), and we can only expect this to continue to increase 

with the ageing “Baby Boomer” population [4,58]. 

It is well understood that low surgeon output and higher patient BMI contribute to 

inaccurate acetabular cup placement, and so the robotic system could benefit a less expe-

rienced surgeon to achieve greater accuracy. Additionally, rising worldwide obesity rates 

make the average patient cohort overall more difficult to accurately position implants in-

tra-operatively, so intra-operative assessment may rectify outcomes in this cohort [59]. At 

present, there are no studies assessing outcomes respective to BMI, but this patient cohort 

may reap the greatest benefit from robotic THA. 

Data pertaining to use, complications and outcomes of robotic-assisted THAs are cur-

rently not reported in the AOANJRR, nor in the registries of Canada, the United States, or 

the United Kingdom. However, since robotic-assisted TKA data has been reported in the  

AOANJRR since 2015, we should expect this data to become available in the foreseeable 

future [4]. With data from large joint registries, we will have greater insight into the ben-

efits of robotic-assisted THA, if these benefits do indeed exist. 

Access to teaching and education can be limited given the availability of systems to 

larger and higher volume arthroplasty centres. Haddad et al. suggested that ways to in-

crease exposure include Virtual Reality (VR) simulation models, cadaveric laboratories, 

observation of live operations, and even interactive computer games [60]. 

Whilst the evidence is there that robotic THA improves radiological outcomes, it is 

yet to show proof that this confers improved functional outcomes. With more evidence 

and outcomes, we derive more avenues for improvement, and we expect to see ongoing 

advancements in this field in the future, including revision arthroplasty and incorporation 

into orthopaedic surgical training as a routine procedure, comparable to conventional 

THA. Much of the high-quality evidence involves both automatic and semi-active sys-

tems, so more high-quality evidence looking at each robotic system in isolation is re-

quired. With more companies entering the robotic race, we may start to see a reduction in 

overall costs as a result. However, given the already high satisfaction rate and evidence 

over long follow-up periods available with conventional THA, decisive data are required 

to prove their worth. As the true long-term benefit of a prosthesis is only evident after 

decades, further long-term studies will be required to demonstrate whether robotic-as-

sisted total hip arthroplasty is to be the gold standard in the restoration of ideal hip bio-

mechanics and clinical outcomes. 

Author Contributions: All authors made substantive contributions to the manuscript. All authors 

have been involved in both drafting the manuscript or critical revisions. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Acknowledgments: Figures provided by Zimmer, Stryker, and G.C. 

Conflicts of Interest: G.C.—Consultant for Stryker. The remaining authors declare no conflict of 

interest. 

References 

1. McKee, G.K.; Watson-Farrar, J. Replacement of Arthritic Hips by the McKee-Farrar Prosthesis. J. Bone Joint Surg. Br. 1966, 48, 

245–259. 

2. Charnley, J. The Long Term Results of Low-Friction Arthroplasty of the Hip Performed as a Primary Intervention. J. Bone Joint 

Surg. 1974, 54, 61–76. 

3. Learmonth, I.D.; Young, C. The operation of the century: Total hip replacement. Lancet 2007, 370, 1508–1519. 

4. Australian Orthopaedic Association National Joint Replacement Registry (AOANJRR). Hip, Knee & Shoulder Arthroplasty: 

2021 Annual Report, Adelaide. Available online: https://aoanjrr.sahmri.com/annual-reports-2021 (accessed on 26 February 

2022). 

5. Wan, Z.; Boutary, M. The Influence of Acetabular Component Position on Wear in Total Hip Arthroplasty. J. Arthroplast. 2008, 

23, 51–56. 

6. Malik, A.; Maheshwari, A. Impingement with Total Hip Replacement. J. Bone Joint Surg. 2007, 89, 1832–1842. 



J. Clin. Med. 2022, 11, 6674 16 of 17 
 

 

7. Pransky, J. ROBODOC—Surgical robot success story. Ind. Robot. 1997, 24, 231–233. 

8. Schulz, A.P.; Seide, K. Results of total hip replacement using the Robodoc surgical assistant system: Clinical outcome and eval-

uation of complications for 97 procedures: Evaluation of total hip replacement using the Robodoc system. Int. J. Med. Robot. 

Comput. Assist. Surg. 2007, 43, 301–306. 

9. Paul, H.; Bargar, W.L. Development of a Surgical Robot for Cementless Total Hip Arthroplasty. Clin. Orthop. Relat. Res. 1992, 

285, 57–66. 

10. Bargar, W.L.; Bauer, A. Primary and Revision Total Hip Replacement Using the Robodoc System. Clin. Orthop. Relat. Res. 1998, 

354, 82–81. 

11. Bargar, W.L.; Parise, C.A. Fourteen Year Follow-Up of Randomized Clinical Trials of Active Robotic-Assisted Total Hip Arthro-

plasty. J. Arthroplast. 2018, 33, 810–814. 

12. Fontalis, A.; Kayani, B. Robotic total hip arthroplasty: Past, present and future. Orthop. Trauma 2022, 36, 6–13. 

13. Siebel, T.; Käfer, W. Clinical outcome after robot-assisted versus conventionally implanted hip arthroplasty: Prospective, con-

trolled study of 71 patients. Z. Orthop. Ihre Grenzgeb. 2005, 143, 391–398. 

14. Subramanian, P.; Wainwright, T.W. A review of the evolution of robotic-assisted total hip arthroplasty. Hip Int. 2019, 29, 232–

238. 

15. Chen, X.; Xiong, J. Robotic-assisted compared with conventional total hip arthroplasty: Systematic review and meta-analysis. 

Postgrad. Med. J. 2018, 94, 335–341. 

16. Mako® Stryker Robotic-Arm Assisted Surgery. Available online: https://www.boa.ac.uk/static/e823e0b7-278c-4666-

9da48e0d65b630b8/Mako-System-design-rationale.pdf (accessed on 26 February 2022). 

17. Kamath, A.F.; Durbhakula, S.M. Improved accuracy and fewer outliers with a novel CT-free robotic THA system in matched-

pair analysis with manual THA. J. Robot. Surg. 2022, 16, 905–913. 

18. Li, C.; Wang, L. Clinical application of robotic orthopedic surgery: A bibliometric study. BMC Musculoskelet. Disord. 2021, 22, 

968. 

19. Kayani, B.; Konan, S. The current role of robotics in total hip arthroplasty. EFORT Open Rev. 2019, 4, 618–625. 

20. ROSA® Hip System: User Manual and Surgical Technique V1.0. Available online: https://www.zimmmerbiomet.com/con-

tent/dam/zb-corporate/en/products/specialties/robotics/3500.2-GLBL-en-ROSA-Hip-System-User-Manual-and-Surgical-Tech-

nique.pdf (accessed on 27 June 2022). 

21. Haffer, H.; Adl Amini, D. The Impact of Spinopelvic Mobility on Arthroplasty: Implications for Hip and Spine Surgeons. JCM 

2020, 9, 2569. 

22. Stefl, M.; Lundergan, W. Spinopelvic mobility and acetabular component position for total hip arthroplasty. Bone Jt. J. 2017, 99-

B, 37–45. 

23. Sicat, C.S.; Buchalter, D.B. Intraoperative Technology Use Improves Accuracy of Functional Safe Zone Targeting in Total Hip 

Arthroplasty. J. Arthroplast. 2022, 37, S540–S545. 

24. Tarwala, R.; Dorr, L.D. Robotic assisted total hip arthroplasty using the MAKO platform. Curr. Rev. Musculoskelet. Med. 2011, 4, 

151–156. 

25. Kouyoumdjian, P.; Mansour, J. Current concepts in robotic total hip arthroplasty. SICOT-J. 2020, 6, 45. 

26. Perazzini, P.; Trevisan, M. The Mako™ robotic arm-assisted total hip arthroplasty using direct anterior approach: Surgical tech-

nique, skills and pitfalls. Acta Biomed. 2020, 91, 21–30. 

27. MakoTM Total Hip Posterolateral Approach Surgical Reference Guide. Available online: https://www.strykermeded.com/me-

dia/2041/mako-tha-posterolateral-approach-surgical-technique.pdf (accessed on 29 June 2022). 

28. Callanan, M.C.; Jarrett, B. The John Charnley Award: Risk Factors for Cup Malpositioning: Quality Improvement Through a 

Joint Registry at a Tertiary Hospital. Clin. Orthop. Relat. Res. 2011, 469, 319–329. 

29. Lewinnek, G.E.; Lewis, J.L. Dislocations after total hip-replacement arthroplasties. J. Bone Joint Surg. Am. 1978, 60, 217–220. 

30. Jolles, B.M.; Zangger, P. Factors predisposing to dislocation after primary total hip arthroplasty. J. Arthroplast. 2002, 17, 282–288. 

31. Emara, A.K.; Samuel, L.T. Robotic-arm assisted versus manual total hip arthroplasty: Systematic review and meta-analysis of 

radiographic accuracy. Int. J. Med. Robot. 2021, 17, e2332. 

32. Chen, X.; Deng, S. Robotic arm-assisted arthroplasty: The latest developments. Chin. J. Traumatol. 2021, 25, 125–131. 

33. Han, P.-F.; Chen, C.-L. Robotics-assisted versus conventional manual approaches for total hip arthroplasty: A systematic review 

and meta-analysis of comparative studies. Int. J. Med. Robot. Comput. Assist. Surg. 2019, 15, e1990. 

34. Honl, M.; Dierk, O. Comparison of robotic-assisted and manual implantation of a primary total hip replacement: A prospective 

study. J. Bone Jt. Surg 2003, 85, 1470–1478. 

35. Hofmann, A.A.; Skrzynski, M.C. Hip Arthroplasty: Headaches & Migraines: Leg-Length Inequality and Nerve Palsy in Total 

Hip Arthroplasty: A Lawyer Awaits! Orthopedics 2000, 23, 943–944. 

36. Sarangi, P.P.; Bannister, G.C. Leg Length Discrepancy after Total Hip Replacement. HIP Int. 1997, 3, 121–124. 

37. Clement, N.D.; Gaston, P. Robotic arm-assisted versus manual total hip arthroplasty: A propensity score matched cohort study. 

Bone Jt. Res. 2021, 10, 22–30. 

38. Kumar, V.; Patel, S. Does robotic-assisted surgery improve outcomes of total hip arthroplasty compared to manual technique? 

A systematic review and meta-analysis. Postgrad. Med. J. 2021. https://doi.org/10.1136/postgradmedj-2021-141135. 

39. Domb, B.G.; Redmond, J.M. Accuracy of Component Positioning in 1980 Total Hip Arthroplasties: A Comparative Analysis by 

Surgical Technique and Mode of Guidance. J. Arthroplast. 2015, 30, 2208–2218. 



J. Clin. Med. 2022, 11, 6674 17 of 17 
 

 

40. Domb, B.G.; Chen, J.W. Minimum 5-Year Outcomes of Robotic-assisted Primary Total Hip Arthroplasty With a Nested Com-

parison Against Manual Primary Total Hip Arthroplasty: A Propensity Score–Matched Study. J. Am. Acad. Orthop. Surg. 2020, 

28, 847–856. 

41. Nishihara, S.; Sugano, N.; Nishii, T.; Miki, H.; Nakamura, N.; Yoshikawa, H. Comparison Between Hand Rasping and Robotic 

Milling for Stem Implantation in Cementless Total Hip Arthroplasty. J. Arthroplast. 2006, 21, 957–966. 

42. Samuel, L.T.; Acuna, A.J. Comparing early and mid-term outcomes between robotic-arm assisted and manual total hip arthro-

plasty: A systematic review. J. Robot. Surg. 2022, 16, 735–748. 

43. Illgen, R.L.; Bukowski, B.R. Robotic-Assisted Total Hip Arthroplasty: Outcomes at Minimum Two-Year Follow-Up. Surg. Tech-

nol. Int. 2017, 30, 365–372. 

44. Bukowski, B.R.; Anderson, P. Improved Functional Outcomes with Robotic Compared with Manual Total Hip Arthroplasty. 

Surg. Technol. Int. 2016, 29, 303–308. 

45. Lim, S.-J.; Ko, K.-R. Robot-assisted primary cementless total hip arthroplasty with a short femoral stem: A prospective random-

ized short-term outcome study. Comput. Aided. Surg. 2015, 20, 41–46. 

46. Ng, N.; Gaston, P. Robotic arm-assisted versus manual total hip arthroplasty: A systematic review and meta-analysis. Bone Jt. 

J. 2021, 103-B, 1009–1020. 

47. Redmond, J.M.; Gupta, A. The Learning Curve Associated With Robotic-Assisted Total Hip Arthroplasty. J. Arthroplast. 2015, 

30, 50–54. 

48. Kamara, E.; Robinson, J. Adoption of Robotic vs Fluoroscopic Guidance in Total Hip Arthroplasty: Is Acetabular Positioning 

Improved in the Learning Curve? J. Arthroplast. 2017, 32, 125–130. 

49. Kayani, B.; Konan, S. The learning curve of robotic-arm assisted acetabular cup positioning during total hip arthroplasty. HIP 

Int. 2021, 31, 311–319. 

50. Kolodychuk, N.; Su, E. Can robotic technology mitigate the learning curve of total hip arthroplasty? Bone Jt. Open 2021, 2, 365–

370. 

51. Booij, R.; Budde, R.P.J. Technological developments of X-ray computed tomography over half a century: User’s influence on 

protocol optimization. Eur. J. Radiol. 2020, 131, 109261. 

52. Perets, I.; Mu, B.H. Current topics in robotic-assisted total hip arthroplasty: A review. HIP Int. 2020, 30, 118–124. 

53. Pierce, J.; Needham, K. Robotic-assisted total hip arthroplasty: An economic analysis. J. Comp. Eff. Res. 2022, 10, 1225–1234. 

54. Maldonado, D.R.; Go, C.C. Robotic Arm-assisted Total Hip Arthroplasty is More Cost-Effective Than Manual Total Hip Arthro-

plasty: A Markov Model Analysis. J. Am. Acad. Orthop. Surg. 2021, 29, 4. 

55. Kirchner, G.J.; Lieber, A.M. The Cost of Robot-assisted Total Hip Arthroplasty: Comparing Safety and Hospital Charges to 

Conventional Total Hip Arthroplasty. J. Am. Acad. Orthop. Surg. 2021, 29, 609–615. 

56. Sloan, M.; Premkumar, A. Projected Volume of Primary Total Joint Arthroplasty in the U.S., 2014 to 2030. J. Bone Joint Surg. Am 

2022, 100, 1455–1460. 

57. Ackerman, I.N.; Bohensky, M.A. The projected burden of primary total knee and hip replacement for osteoarthritis in Australia 

to the year 2030. BMC Musculoskelet. Disord. 2019, 20, 90. 

58. Nawabi, D.H.; Conditt, M.A. Haptically guided robotic technology in total hip arthroplasty: A cadaveric investigation. Proc. 

Inst. Mech. Eng. Part H 2013, 227, 302–309. 

59. Gupta, A.; Redmond, J.M. Does Robotic-Assisted Computer Navigation Affect Acetabular Cup Positioning in Total Hip Ar-

throplasty in the Obese Patient? A Comparison Study. J. Arthroplast. 2015, 30, 2204–2207. 

60. Haddad, F.S.; Horriat, S. Robotic and other enhanced technologies: Are we prepared for such innovation? J. Bone Joint Surg. Br. 

2019, 101-B, 1469–1471. 


