
2

Bone & Joint360 | volume 4 | issue 5 | october 2015

R
obots and robotic technology are a 
source of human fascination. Aris-
totle (322BC) dreamt of robots, and 
Leonardo da Vinci (1495AD) designed 

one.1 Currently, there are numerous commer-
cially available and developmental robotic 
devices for all types of hip and knee arthro-
plasty. These devices have varying levels of 
evidence to support their usage; perhaps 
the most pertinent question is, have robots 
reached the stage where they are relevant to 
orthopaedics today?

Responsible introduction of new technol-
ogy is now considered essential following vari-
ous implant failures in the recent past. Malchau 
proposed a now widely accepted stepwise 
algorithm for this purpose.2 This involves:

1.	 Initial preclinical testing
2.	 Small randomised trials with sensitive out-

come measures (e.g. RSA)
3.	 Larger clinical studies

Once these stages have been completed, multi-
centre trials followed by Registry studies should 
be undertaken.

This review will examine how robotic tech-
nology has been introduced to the competitive 

orthopaedic market, and what the evidence is 
to support its use.

Background
A robot is a machine capable of carrying  
out a complex series of actions automatically, 
especially one programmable by a computer. 
Robots of many kinds have become commonplace 
since the first industrial robot was installed in 1961 
to unload parts from a die casting operation.

More recently there has been a surge of inter-
est in robotic surgery, led by the da Vinci robot 
(Intuitive Surgical, Sunnyvale, CA, USA). This 
allows a surgeon to remotely control laparo-
scopic instruments with increased precision and 
dexterity.3-5 The usage of this robot has increased 
from around 200 000 procedures per annum in 
2009 to over 550 000 procedures worldwide in 
2014.6 This still represents only a very small per-
centage of the total number of similar proce-
dures performed using traditional methods, but 
the growth in the usage of this technology is 
forecast to continue at a rapid rate.

The use of robotics in joint arthroplasty has 
developed immensely over the past 30 years and 
differs in concept from the da Vinci robotic sur-
gery. The relative rigidity of bone allows pre-
operative imaging and pre-planning of bony 

cuts, essentially enabling the robot to perform 
large sections of the surgery in an automated 
manner. Intra-operative adjustment of the plan 
according to the patient’s soft tissues can gener-
ally be made, and it is this precision and accuracy 
of adherence to the surgeon’s plan by the robotic 
cutting tools that is the major proposed benefit 
of robotic-assisted joint arthroplasty surgery.

History
The first robot designed for orthopaedics, and 
total hip arthroplasty (THA) in particular, was 
the ROBODOC (Think Surgical, Fremont CA., 
USA) system. This was a collaboration between 
the IBM Watson Center and UC Davis in 1986. 
The system underwent dry bone and cadaveric 
validation over the next six years, until the first 
patient had a THA with the femoral canal milled 
by an autonomous robot in 1992.7 During this 
time, the team at University of Washington had 
demonstrated the concept of cutting a distal 
femur for total knee arthroplasty (TKA), utilising 
an industrial robot on bone models in a theatre 
environment.8 ROBODOC was later modified 
for use in TKA.9 The CASPAR (OrthoMaquet, 
Rastatt, Germany) system followed hot on 
ROBODOC’s heels in 199910, and this was also 
designed for femoral preparation in THA. This 
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system was then developed again to be used 
for bony cuts of TKA.11

In 2001, the first paper was published 
describing surgery with robotic assistance in 
unicompartmental knee arthroplasty (UKA) uti-
lising the Acrobot (Imperial College, London, 
UK).12 A simple system consisting of a robotic 
surgical arm with a burr as the end effector, it 
required the rigid fixation of limb to a frame, a 
significant drawback in the operating theatre.

In 2006, Mako Surgical (Fort Lauderdale,  
FL, USA) first implanted UKA and then patel-
lofemoral arthroplasties with its RIO robotic arm 
device,13,14 and since then the use of robotic 
technology in arthroplasty has continued to 
expand with over 80 000 procedures now per-
formed worldwide.15,16

Classification
Robotic systems in arthroplasty have previously 
been classified into three broad types: fully 
automated, semi-automated and passive.17

Fully automated systems require registration 
and complete soft-tissue exposure to be per-
formed by the surgeon. The robot then com-
pletes the bony resections autonomously. The 
only commercially available system of this  
type is ROBODOC. This device requires the 
patient’s limb to be rigidly fixed to the robot. 
Pre-operative planning is performed on the 

Fig. 1a  Stryker Mako robot 

with hip reamer attachment.
Fig. 1b  Mako hip planning screen.

(Images courtesy of Stryker).

workstation (ORTHODOC), and requires previ-
ously acquired CT images. The planned bone 
resection is then performed autonomously by 
the robotic burr. The surgeon can stop the cut-
ting process, but the control of the cuts is deter-
mined exclusively by the surgical plan. Attempts 
have been made to produce smaller automated 
cutting robots that attach to the bone (MBARS 
and HyBARS,18,19 but they are not yet available 
for clinical use.

Semi-automated robotic technology consists 
of robotic arm-assisted devices and handheld 
navigated cutting tools. The Mako robotic 
arm-assisted surgical system, like the ROBODOC, 
also requires the use of a pre-operative CT 
image. From this, a basic surgical plan is made, 
but this is then adjusted intra-operatively by the 
surgeon, allowing for fine adjustments to the 
patient’s soft-tissue balance and intra-operative 
findings. The cutting tool is attached to the 
end of the robotic arm which then guides  
the surgeon into a determined surgical field and 
haptically prevents the surgeon from moving 
the cutting tool outside the planned field of sur-
gical resection. The cutting tool is controlled 
by the surgeon within robotically applied 
limits. Although these machines could be pro-
grammed to act autonomously, they remain 
surgeon-controlled to allow better protection of 
soft tissues without extensive exposure.

The Navio PFS (Blue Belt Technologies, 
Plymouth, MN, USA) is the most widely available 
handheld semi-automated robotic device, 
although, by strict definition, not truly a robot, as 
the cutting tool is moved entirely by the surgeon. 
The computer will only allow the cutting tool to 
operate when it is within a planned resection 
zone. This technology is currently image-free 
using anatomic registration, in much the same 
way as image-free computer navigation systems.

Passive robotic systems involve an auto-
mated form of computer-assisted planning of 
surgical cuts. Following this planning, the 
robotic device is attached to the bone and  
the device then moves a cutting block to the 
planned position, allowing the surgeon to make 
the planned resection through the cutting block 
using a standard surgical oscillating saw. The 
Praxim (OMNIlife Science, Inc, East Taunton, 
MA, USA) is the most common example of this 
type of robotic application.

The system is imageless, relying on ana-
tomic registration. The surgeon determines the 
angle of cuts to be made, and the Praxim system 
moves the cutting block to the desired position 
autonomously. However, this system will only 
make the femoral cuts for a TKA.

Robotics in total hip arthroplasty
At present, THA can be performed utilising either 
the ROBODOC or Mako systems. The ROBODOC 
system is able to plan the acetabular and femoral 
component positions and the robot can then mill 
the femoral canal, while the surgeon manually 
reams the acetabulum. The Mako system does 
the reverse. It also plans the placement of both 
components, but then the robot only controls 
reaming of the acetabulum and placement of 
the cup. The surgeon is then able to identify the 
position of the planned surgical neck cut. This  
is performed manually, as is the femoral canal 
broaching and femoral prosthesis insertion.

ROBODOC has demonstrated precision in the 
milling of the femoral canal, achieving accurate 
femoral component position,20 and a reduction 
of intra-operative embolic events.21 Perhaps most 
interestingly, and likely due to the accuracy of 
femoral canal preparation, the system has been 
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demonstrated to result in less post-operative 
stress shielding and bone loss in the proximal 
femur.22 There is however a flipside, with a docu-
mented increase in operative time and blood 
loss.20 Earlier versions of this robot were found to 
have high complication rates including femoral 
fracture, although these have been ironed out 
and are not reported in more recent series with 
newer generation machines.

Surgeons utilising the RIO system have been 
able to implant 100% of acetabular cups within 
10° of intended position, both in anteversion and 
inclination.23 Biter et al also demonstrated equiv-
alence in leg length restoration with this system 
when compared with standard techniques.24 As 
yet, however, there are no published studies 
showing improved clinical or other outcomes 
with this technology over standard procedures.

Robotics in THA has only just passed the ini-
tial step in the responsible introduction of tech-
nology. Preclinical tests of accuracy and early 
case series are available. No long-term clinical 
outcomes or RCTs have been produced, and 
robotic applications in THA remain niche with 
no widespread release of this technology into a 
country with a robust national joint registry.

Robotics in total knee 
arthroplasty
Currently only RoboDoc and Praxim are com-
mercially available for use in TKA, however, nei-
ther system has been widely utilised for this 
application.

ROBODOC pre-operatively plans the bony 
cuts on its workstation from CT imaging. The 
femur and tibia are then rigidly fixed directly to 
the robot and the knee distracted with an exter-
nal fixator to allow adequate exposure for the 

robot to work. In a similar manner to a commer-
cial lathe or router, this plan is then executed by 
the robotic end effector burr.

Most of the data published on robotic-
assisted TKA relate to these autonomous robots. 
Both the CASPAR and ROBODOC robots have 
been shown to increase precision and accuracy 
significantly compared with conventional man-
ual techniques, reducing the number of patients 
that are considered outliers in terms of accuracy 
of implantation (+/- 3° from mechanical axis).25-27  
Song et  al published a randomised controlled 
trial reporting a significant improvement in soft-
tissue balance with 94% versus 80% having bal-
anced rectangular flexion/extension gaps.28 
However, clinical outcome studies thus far have 
reported no difference when comparing robotic 
TKA with conventional techniques.25,29 Things 
are not always rosy, however; earlier reports of 
the autonomous robotic TKA clinical series 
noted unacceptably high incidences of soft- 
tissue damage and requirement to abort the 
robotic procedures (3%-33%).30

The designers of the Praxim system reported 
initial cadaveric studies demonstrating small 
improvements in accuracy of bone cuts with this 
automated cutting block, when compared with 
standard computer-assisted techniques. A retro-
spective clinical case series comparing standard 
techniques with TKA utilising the Praxim system 
demonstrated a 0.5° smaller error of alignment 
when compared with computer-assisted TKA.31 
All published studies report decreased time 
required to make femoral cuts with this system 
compared with standard computer navigation 
techniques.32 Overall tourniquet time is not 
decreased, presumably due to the time to insert 
the device into the distal femur.

This story is very similar to THA with a range 
of preclinical studies on surgical accuracy and 
selected early case series available for robotic 
use in TKA. There are no long-term clinical  
outcome studies or RCTs available, and this 
technology is not present within any of the sub-
stantial joint registries, worrying considering 
the 80 000 procedures now performed for all 
joint replacement types and counting!

Robotics in partial knee 
arthroplasty
Robotics has been most widely deployed in par-
tial knee replacements. The relative simplicity of 
achieving soft tissue balance by tensioning the 
collateral ligament and the small amount of bone 
resection required made UKA particularly suited 
to robotic applications. Difficulties of access and 
accuracy of traditional methods of implantation 
combined with the nature of semiconstrained 
systems which lend themselves to unicompart-
mental knee replacements. Both of the commer-
cially available semi-autonomous systems are 
marketed for this purpose. There is a slight differ-
ence in that the Mako system is a closed system 
that can utilise only the implants from the parent 
company, whereas the Navio PFS is a semi-open 
system with partnership agreements allowing a 
number of different companies’ implants to be 
inserted using the robotic assistance. The Mako 
system revolves around pre-operative CT images 
to allow intra-operative simulated implantation 
and adjustment to operative plans to achieve 
soft-tissue balance. The Navio PFS uses landmark 
registration and balances the knee in a similar 
manner to standard conventional techniques of 
gap balancing. Both systems use a burr as the 
end effector to make the femoral and tibial bone 

Fig. 2c  Praxim Robot with placement on bone model.
(Images courtesy of Omnis).

Fig. 2a  OmniNav station with computer and 

camera sensor to drive Praxim.

Fig. 2b  Praxim femoral 

planning screen.
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resections. Prostheses are inserted manually after 
preparation of the femoral and tibial surfaces by 
the robotic cutting device.

The Mako system has also given surgeons the 
ability to perform a patellofemoral arthroplasty 
in conjunction with a UKA without an excessive 
increase in operative time.33 This process can be 
planned simultaneously and is a relatively easy 
addition to the surgery. This utilises non-linked 
implants allowing the individual compartments 
to be aligned independently – certainly a contro-
versial and thought-provoking technique.

Improved accuracy and alignment have been 
demonstrated in multiple studies of the RIO 
robotic system.34,35 Karia et  al demonstrated a 
diminished learning curve and more accurate 
implantation of UKA on dry bones with the RIO 
system compared with conventional techniques 
in the hands of inexperienced surgeons.36 Coon 
et al retrospectively compared their first 36 UKA 
with the MAKO system with 45 previous manually 
instrumented UKAs.34 There was no clinical differ-
ence in outcome measured up to 12 weeks  
post-surgery. The Navio PFS for UKA has been vali-
dated for accuracy on bone models and cadaveric 
studies37,38 and these studies have been able to 
demonstrate improved precision and accuracy 
compared with conventional techniques.

There are two studies, however, that do not 
support the theory of robotic UKA improving 
accuracy of implantation and alignment. Jaffray 
et al demonstrated on bone models that PSI was 
equivalent to robotic surgery (Sculptor) with 
respect to accuracy and alignment.39 This is yet to 
be replicated in a clinical setting. Hansen et  al 
reported a retrospective single-surgeon series that 

did not demonstrate significant differences 
between robotic UKA (Mako) and manually instru-
mented UKR utilising extramedullary guides.40

The use of robotic technology for UKA is  
currently supported by preclinical data and  
case series with short-term follow-up. There are 
currently no long-term randomised controlled tri-
als comparing robotic technology with conven-
tional techniques, and long-term data have sadly 
not been published on any case series. This tech-
nology has only recently been utilised in Australia 
and it will be at least three years before any mean-
ingful data could be extracted from the Australian 
National Joint Replacement registry. As with other 
indications, there remains a significant evidence 
gap for utilisation of this technology.

Research and development
It would be impossible to mount an evidence-
based argument on the cost-effectiveness and 
the clinical benefit of robotic hip and knee 
arthroplasty currently. The evidence regarding 
clinical outcomes is only short-term, and not 
clearly in favour of robotics. However, there is a 
compelling argument for the use of robotic 
technology in the research and development of 
hip and knee arthroplasty.

Computer navigation is the most accurate tech-
nology widely available for hip and knee arthro-
plasty. This still has small cumulative errors that 
occur at every step from registration through to 
implantation. The purity of being able to accurately 
implant prostheses at the planned position and 
alignment would enable surgeons to minimise the 
‘white noise’ due to inaccuracy that occurs when 
studying differences in alignment philosophies.

For 30 years, TKAs have been inserted per-
pendicular to the mechanical axis due to the con-
cern regarding mechanical failure of implants 
that were outliers due to inaccurate implanta-
tion. Patient-specific instrumentation for kine-
matic axis has been abandoned at least in part 
due to inaccuracy of the cutting guides rather 
than evidence against the alignment theory. This 
technology would be perfectly suited to the eval-
uation of different alignment methods in TKA.

As surgeons, we are all aware of individual dif-
ferences in pelvic and lumbar spine anatomy and 
mobility. Yet 40 years after THA became part of 
clinical practice we are still not able to individualise 
the placement of hip replacement components 
with any degree of certainty or accuracy. This is 
another area in which the accuracy of implantation 
afforded by robotic technology would benefit fur-
ther research and may offer particular benefit in 
patients with abnormal geometry.

In addition to simply making more accurate 
cuts, robotic technology has the ability to make 
different types of cuts. The ability to burr three-
dimensional shapes allows manufacturers and 
designers greater freedom of design. This may 
initially be more applicable to custom designs in 
revision situations with bone loss. In the future, 
with improvements to manufacturing tech-
niques, such as 3D printing, the possibility of 
more bone-sparing individualised custom 
designs may become a reality – the very shape of 
a knee or hip replacement is determined as much 
by the instrumentation to implant as the biology 
they are trying to replicate. A mature robotic sur-
gical technology would potentially remove the 
constraints of a flat saw blade and round reamer.

Fig. 3a  Navio PFS handpiece.

Fig. 3b  Navio cart with 

computer and sensor.

Fig. 3c  Navio PFS femoral cutting guidance screen.

(Images courtesy of BlueBelt Technologies).
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Health economic cost implications
There is a significant capital cost associated with 
using robotic technology for joint arthroplasty. 
This cost is currently funded by the hospital, or 
academic institution involved. This may be 
recouped through donations to research funds, 
but more commonly increased income or 
reduction by the hospital is required to justify 
the expense. Initially the costs were justified 
with decreased length of stays,41 however, 
these are now a standard element of care, and 
hospitals are requiring increased patient num-
bers to offset the cost.

There is a public perception that advanced 
technologies such as robotics produce better 
results.42 This is both a strength and weakness 
of the use of robotics in arthroplasty. Patient 
support and interest is likely to be easily 
achieved. Australia is an example of this phe-
nomenon with much higher rates of uptake of 
computer navigation than elsewhere in the 
world. Currently 24% of TKAs in Australia are 
performed with computer assistance.43 If this 
public perception leads to hospitals needing to 
purchase the technology to maintain market 
share, it could lead to an escalation of overall 
costs, which would eventually fall back on our 
patients either through increased taxes or insur-
ance premiums.

It is this public perception that will be very 
difficult to influence. Surgeons need to ensure 
that they continue to utilise the technology only 
on suitable patients (particularly with respect to 
UKA). This technology has the potential to be 
aggressively marketed to our patients, as vari-
ous implants and techniques have been in the 
past. The marketing of this technology needs to 
be carefully monitored by the national ortho-
paedic associations and regulatory bodies.

Conclusion
The available evidence strongly suggests that 
robotic-assisted arthroplasty achieves more 
accurately implanted hip and knee prostheses. 
The potential associated benefits of improved 
function and longevity are, however, yet to be 
proven.

It is apparent that this technology currently 
results in increased cost and operating time. This 
will only be acceptable to surgeons, hospitals, 
governments, and insurers if robotic-assisted 
surgery results in improved patient outcomes. 
Only through responsible introduction of this 
technology, as outlined by Malchau, can the use 
of robotics be justified.2 This requires ran-
domised controlled trials, followed by multicen-
tre trials and eventually registry results.

Robotics in joint arthroplasty has vast poten-
tial. It is our responsibility as surgeons to ensure 
that we assess this potential for the benefit of our 
patients. The onus remains on early adopters of 
robotic technology to demonstrate the presence 
and extent of any improved clinical outcomes. 
With advances in technology and diminishing 
costs in the future, it is difficult to believe robotics 
will not be part of future arthroplasty surgery.
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Imagine performing  
your best partial  

knee replacement. Every single time.

With the Navio system, you can offer your patients unicondylar and 
patellofemoral joint replacement with the consistency and accuracy 
of robotic assistance. Proprietary planning software uses soft-tissue 
kinematics and 3D surface capture to predict joint laxity, enables 
precise implant positioning, and allows the user to customize a 
solution for each patient, all without requiring a pre-operative CT scan.
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To learn more about making partial knee replacement more accurate and 
consistent, visit bluebelttech.com or email info@bluebelttech.com.
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