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Technologies in Total Knee Arthroplasty

Total Knee Arthroplasty (TKA) is a very impelling treatment for severe osteoarthritis. But, prosthesis longevity along with clinical and 
functional outcome of patients are intricately related to proper alignment and position of the prosthesis and how perfectly the artificial joint can 
mimic the native knee anatomy and kinematics. To minimize outliers and improve accuracy, precision and patients’ outcome, promising new 
technologies have been developed in knee arthroplasty. TKA is advancing by leaps and bounds with the advent and introduction and application 
of technologies in its domain. The aim of this article is to put up and brief about the technologies in TKA, their concepts, advantages, and 
limitations. 
Keywords: Total knee arthroplasty, Knee arthroplasty, Total knee replacement, Osteoarthritis, Technology, Biomedical technology, Robot-
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Introduction
Total knee arthroplasty (TKA) is a proven and rewarding treatment 
for patients with advanced osteoarthritis of knee [1]. Traditionally, 
this is performed using intra- or extra-medullary alignment rods to 
centralize and align the components along a universally agreed and 
anatomically derived mechanical line from the centre of the femoral 
head to the middle of the ankle. Hence, the ‘one-for-all’ principle is 
not practicable for every knee. Studies now testify that correct 
alignment improvises postoperative outcomes-pain, function, and 
longevity of the implant [2, 3, 4]. So, each surgery needs to be tailored 
according to the patient to achieve the gold standard of “the forgotten 
knee”. This necessitates to follow the basic surgical principles along 
with precision [5]. Computer-navigated and robotic-assisted total 
joint replacement have presently blazed the trail to obtaining the best 
of outcomes in every possible aspect following TKA [6]. The aim of 
this article is to briefly highlight the technologies in TKA, their 
underlying concepts, advantages-limitations while discussing the 
relevant literature.

1. Patient Specific Instrumentation (PSI)
In PSI, 3D imaging models are created and anatomical landmarks are 
identified from the computed tomography (CT) scan or magnetic 
resonance imaging (MRI) images. The bony resections and implant 

variables are planned using an interactive, computer-based planning 
tool. Once the plan is approved by surgeon, cutting blocks (devices to 
cut directly through the custom block) or positioning templates (the 
surgeon uses a standard cutting block based on the pin placement of 
customized pin guides) that fit on the patient’s native anatomy, are 
rendered with rapid prototyping technology. The jigs are delivered to 
the hospital, usually in sterile packaging acceptable for the operating 
room [7, 8]. PSI thus endeavours for accurate implant placement 
through accurate cutting guides. MRI-generated template has been 
found to be better than CT-based guides [9] because MRI 
incorporates residual articular cartilage; whereas CT does not 
account for residual cartilage and relies on multiple bony sites [7].

Advantages and Limitations
PSI can facilitate less-invasive surgical approaches and enhance 
surgical precision with reduced operative time and blood loss as there 
is no violation of intramedullary canal. However, PSI systems do not 
help with gap balancing or soft tissue releases, implant rotation and 
fixation, as well as patellar preparation [7].
To conclude, no study has demonstrated any difference in the clinical, 
functional or gait pattern outcomes according to the technique [10, 
11, 12, 13].
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2. Individual Knee Arthroplasty Implant
Chronic residual pain, stiffness, or laxity after TKA can be due to 
inadequate anatomical restitution of native joint by the implant [14, 
15]. A customized individually made implant device is designed to 
mimic the native knee (pre-arthritic) anatomy, using single-use 
customized instrumentation. These implants aim for precise and 
stable bone-implant fit to optimize ligament balancing, patello-
femoral tracking, knee joint kinematics and native limb alignment. A 
3D knee model is used to produce customized implant and 
instrumentation by using additive manufacturing/3D printing 
technologies. Operative planning, implant size, design, positioning 
and overall limb alignment are always validated by the surgeon. 
Customized cutting femoral and tibial blocks are used for surgery [7]. 
Some recent studies have reported better implant positioning and 
limb alignment with minimal deviations between planned and 
postoperative angles and fewer outliers as well as increased patient 
satisfaction rates as compared to conventional technique [16, 17, 18, 
19, 20]. Whereas others found no significant difference in clinical 
outcomes [21, 22].

Advantages and Limitations
Customization of implants enables the surgeons with lighter 
implants, lesser bone resection and simpler ligament balancing. 
Nevertheless, it does not take into account ligament balancing. 
Moreover, customization is done using imaging of an arthritic knee 
and could still be unsatisfactory with no guarantee of superior results 
[7].

3. Sensor-assisted technology
Improper ligament balancing leads to pain, stiffness, instability, 
revision and overall dissatisfaction [23]. Hence, ligament balancing is 
so essential and at the same time, so tedious to assess and manage. 
Even in PSI, customized implants, accelerometers, robotic or 
navigated TKA, laxity assessment is manual and subjective. 
Arthroplasty surgeons achieve soft tissue balance subjectively rather 
than a scientific perspective [24, 25, 26, 27]. This subjective “feeling” 
is modulated by surgeons’ own personal experience and condition 
like strength, as well as patient factors like BMI, gender, stature, 
ligament laxity and pre-existing joint contracture as well as type of 
anaesthesia [28, 29]. The subjective assessment of surgeons is 
insufficient to ensure an appropriate soft tissue balancing [30, 31].
Sensor-assisted total knee arthroplasty is a novel and objective 
technology where smart sensor (SS) devices are integrated into 
implants for delivering real-time data to monitor implant position, 
ligament balancing and soft tissue releases to improve balance and 
stability through a full range of motion, and post-implantation data of 
long term monitoring-implant performance and patient clinical 
parameters [32, 33]. Many companies produce this gadget, 
nevertheless VERASENSE™ Knee System (OrthoSensor Inc., Dania 
Beach, FL, USA) is the primarily used device. It is a wireless and 
disposable articular loading quantification device, which is 
incorporated in tibial tray. The capsule is approximated by few 
stitches. The leg is held in a neutral position- medial and lateral 
loading forces are monitored through full range of motion. Less than 
differential loading of 15 pounds between the medial and lateral 
compartments, is considered as adequately “balanced” [7, 34].

Advantages and Limitations
Coronal and sagittal load imbalances are reported by sensors, even 
after an appropriate gap balance using the tensiometer. Functional 
scores and range of motion (ROM) are improved after sensor-
assisted TKA than after manually balanced TKA [35], arthrofibrosis 
rates are reduced [36]. Nevertheless, no study has demonstrated a 
significant improvement of patient satisfaction after TKA with these 
devices [37, 38, 39]. The “normal” values remain extended, and a 
personalized adaptation is probably required for each patient [7]. 
The clinical follow-up are yet too short for evaluating the clinical 
utility of this device [7].

4. Accelerometer
Accelerometer-based navigation is a handheld wireless and imageless 
sterile device to ascertain the distal femoral and proximal tibial 
resection planes in the coronal and sagittal planes [40]. They capture 
and display the data on pods which remain fitted to the resection 
guides within the surgical field. Movements of hip through a “stop-
and-go” movement with star configuration, and knee from left to right 
with subsequent knee flexion movements help to determine femoral 
and tibial mechanical axes. After the cuts, a validation electronic pod 
validates the cut axis and enables for any adjustments or additional 
resection if any. Rest of the procedure is completed manually in 
conventional technique [7].

Advantages and Limitations
Accelerometer-based navigation can be used with all TKA systems. It 
is particularly useful for complex cases with extra-articular 
deformities which precludes use of intramedullary jigs. But its effect 
on functional outcomes are still not clear. Budhiparama et al. reported 
that they “found very inconsistent (and generally small) benefits in 
favour of accelerometer-based navigation in terms of alignment, but 
no benefits regarding the functional outcomes or the risk of 
complications or reoperations. Until or unless more compelling 
evidence in favour of the new technology emerges, they recommend 
against its widespread adoption” [41].
This system has limitations. The accuracy and precision of the 
references is surgeon-dependent. Moreover, it fails to guide regarding 
implant size, alignment, rotation, and ligament balancing. It can be 
considered simply as a tool to improve bone cut accuracy compared 
to extra or intramedullary guide techniques.

5. Computer-Assisted and Robotic-Assisted Total Knee 
Arthroplasty
Computer-Assisted Surgery (CAS) was nurtured to maximize 
precision and accuracy of bone cuts and minimize errors in alignment 
and positioning of implants in TKA. CAS consists of computer 
platform, tracking system and a rigid body marker [42].
Computer-assisted orthopaedic surgery is pillared on two 
technologies: navigation and robotic arm assisted technology. In 
Navigation, surgical planning is done pre-operatively, and intra-
operative real-time feedback in obtained to enhance the accuracy. 
However, it fails to eradicate the surgical error due to surgeons’ 
manual control, which is why navigation technology did not become 
popular in clinical practice [43]. To eliminate the surgeon-dependent 
manual inaccuracy, Robotic Assisted Technology was developed. It 
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has a mechanized device (usually a robotic arm) that receives input 
from sensors to guide accurate positioning of the instruments and 
exact implants as per navigation input and planning. It also utilizes 
real-time data intraoperatively for surgical steps to overcome the 
manual surgeon-dependent errors [44].
Robotic Assisted Knee Arthroplasty amalgamates navigation, 
minimally invasive technology, and robotic arm usage for precise 
preoperative planning, proper implant selection, minimally invasive 
surgery, correct bone cuts, and accurate implant placements [44]. 
This robotic-assisted system also enables surgeon to check ligament 
balancing during the surgery by giving valgus or varus stress [7].
Difference between ROBOTICS and CAS: Three key parameters 
that differentiate robotics from CAS is the ability of robotics to create 
haptic boundary, provide real-time feedbacks, and the ability to 
leverage augmented reality for more real-time experience [45].
Image-Guided versus Image-Free Surgical Planning: Image-guided 
robotic systems need a 3D plan based on intraoperative bone 
morphology mapping, or a preoperative CT scan or MRI. A 
preoperative 3D reconstruction plan is built for virtual assessment of 
implant size, placement and alignment [46]. Intraoperatively, the 
robot validates bony landmarks and the software develops a virtual 
knee model [45]. The disadvantages include the cost of the 
preoperative imaging study, the patient inconvenience to obtain the 
study at certified centres, and the radiation exposure [43, 46, 47].
Image-free robotic systems require anatomical bone registration 
done by intraoperative surface mapping manually. A 3D virtual 
model is developed by software, and planning is doing during the 
surgical procedure. Hence, preoperative imaging and planning is not 
required or performed. Nevertheless, registration is dependent on 
surgeon’s precision, and very much prone to subjective error [7].
Open versus closed systems: Closed systems authorize and permit 
only one manufacturer’s implant product to be compatible with the 
software and hardware and hence available as a bundled product. 
Open platforms are usually third party, independent developments 
and are compatible with many implant options giving allowing 
freedom of selecting implants at surgeons’ choice. Open systems are 
argued to miss an individual implant design specifications and 
intricacies, and may not be reproduce and provide the finer 
adjustments which a specific implant design warrants [45].
Passive robotic system performs surgical planning and guide tool 
positioning but works only under the direct and constant supervision 
of the Orthopaedic surgeon who does the bone resections. It includes 
APEX ROBOTIC™ technology (OmniLife Science).
Active robotic system autonomously performs the planned 
resections after the surgeon performs the preoperative plan (bone 
resection, implant positioning and sizing), surgical approach and 
exposure of knee. The surgeon oversees and may deactivate in 
emergency if and when necessary. It includes CASPAR (Ortho-
Maquet/URS, Schwerin, Germany) and ROBODOC® (Curexo 
Technology Corporation, Fremont, CA, USA).
Semiactive robotic system enables surgeons to keep overall control 
and synchronize with it by providing audible, tactile and visual 
feedbacks to limit deviation from surgical plan. It also provides haptic 
restraints for the margins of surgical resection with either a speed or 
depth control mode for the working instruments like burr and saw. It 
incorporates the image-less robotic Navio® (Smith+Nephew) and 

OMNIBotics® surgical systems (CORIN), the image-based MAKO® 
robotic system (Stryker) and ROSA® knee system (Zimmer Biomet) 
[45].

Advantages
Alignment and implant positioning: Robotic TKA has high accuracy 
of restoring femoral and tibial sagittal and coronal alignment, tibial 
slope, posterior condylar offset ratio, Insall-Salvati ratio, native limb 
alignment and joint line compared to a jig-based TKA [48, 49, 50]. 
This systems uses optical motion capture technology to assess 
intraoperative alignment, component positioning, range of motion, 
flexion-extension gaps, and medio-lateral laxity. The real time 
feedback information is then analysed and processed to pristinely 
resect bone and place the components dead-on for obtaining the best 
knee kinematics, avoiding the necessity for any unnecessary bony or 
soft tissue release [48, 51]. Improved accuracy leads to greater patient 
satisfaction, more stability, and improved joint motion kinematics 
[52, 53, 54].
Ligament Balancing: Present Robotic systems can register and plan 
for ligament balancing by giving valgus and varus stress manually. 
This enables surgeon to assess the ligament balancing in extension 
and knee flexion at 90°, or during all range of motion and make 
adjustments and necessary modifications during surgery. This 
facilitates for mid-flexion balancing, which is very problematic during 
conventional jig-based TKA [7]. However, these values are subjective 
and dependent on the surgeon and multiple patient and 
intraoperative factors as mentioned before in the article.
Periarticular soft tissue injury: Robotic TKA applies haptic 
boundaries by optical motion sensor technology confining the blade 
movement within the boundaries of bone resections, which 
minimizes iatrogenic periarticular soft tissue injury [1].
Early functional outcomes and time to hospital discharge.
Conservation of soft tissue and ligamentous envelope around knee 
joint in robotic TKA reduces postoperative swelling [55], pain and 
analgesics need, and results in earlier SLR and standing, earlier and 
better knee ROM and walking , and minimizes inpatient 
physiotherapy duration [51, 56].

Medium- to long-term functional outcomes
Precise implant placement and faster postoperative rehabilitation in 
robotic TKA did not create any significant differences in medium- to 
long-term functional outcomes when compared with conventional 
TKA [57, 58, 59, 60, 61, 62].

Limitations
Increased operative time and complications: Robotic-assisted knee 
arthroplasty has got a learning curve and require increased operative 
time, especially during the learning phase. This leads to concern for 
increased tourniquet time and related complications, infection rates, 
blood loss, and OT turnover time [1, 45].
Capital expenditure and maintenance costs: Robots require a 
substantial financial capital investment, which may not be feasible for 
all centres or surgeons. The newer generation of robots cost less than 
previous versions. Cost burden is amplified by mandatory servicing 
and software as well as the single use disposables and the 
consumables. Preoperative CT scan also adds up to the expenses [63, 
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64].
Musculoskeletal complications: The pins used for registration may 
cause peri-prosthetic fractures if placed in the diaphysis. Pin tract site 
infection and neurovascular complications are also a potential risk 
with pins placement [45].
Radiation exposure: Robotic systems that necessarily require CT 
scans cause significant radiation exposure. The radiation exposure 
related complications should be kept in mind. However, the image-
free systems that need not require CT scan do not cause such 
potential hazards [45, 65].

Future of Robotics
Although far way off from reality, but the novel ideas and tools 
continue to be in constant making. It ranges from hand held tactile 
navigated burrs (as compared to the present bulky robotic arms), in-
clinic 3D printing of patient specific prostheses from a CT scan, to 
smart robotic devices that enables operation remotely [66].

6. Artificial Intelligence
Artificial intelligence (AI) is a novel field in computer science using 
computer algorithms to reason, perform and emulate human 
cognitive functions [67] and perform operations at par or 
transcending surgeon performance [68, 69]. AI technology is used 
before, during and after knee arthroplasty. Nevertheless, the safety 
profile and effectualness of AI incorporated TKA are yet to be proven 
and validated [70].

AI in preoperative knee arthroplasty
AI can screen and predict high-risk patients and guide for strategizing 
preventive measures [71].The decision-making algorithm is ground 
upon valid and dependable predictive factors, for example, 
demographics or preoperative patient-reported outcome 
measurements (PROMs) [72]. AI algorithms can also define 
preoperative parameters, score osteoarthritis severity, and minimize 
inter-observer variability [73]. Preoperative patient-specific 
planning incorporates native alignment, prosthesis size and 
positioning and gap balancing. Component size can be anticipated 
based on algorithms using demographic data like age, gender, weight, 
height, ethnicity/race, and shoe size.  In revision knee arthroplasty, it 
may help predict implant loosening with X-ray (precision > 95%) and 
suggest prosthesis designs [74]. 
AI-based teaching tool, known as Immersive Virtual Reality, gives 
access levels to surgical techniques in a 360-degree viewing mode. 
With practice of this tool, prosthesis alignment can be greatly 
improved and complications can be decreased in primary as well as 
revision knee arthroplasty [75]. The assistive mode of the tool gives 
feedback on key steps (bone cuts, component size and position, 
virtual knee range of motion, and gap balancing) to foresee 
difficulties or achieve desired goal [76].

AI in intraoperative knee arthroplasty
AI may enhance the capacity of present robots to comprehend more 
complicated in vivo environments, prognosticate, do real-time 
decision and execute work with higher accuracy and efficiency, and 
safety with or without surgeon’s supervision and control [77, 78]. AI 
can thus help mitigating errors further and shorten operative times 

[79].

AI in postoperative knee arthroplasty
Remote monitoring using AI through smartphones can procure 
constant subjective and objective data postoperatively enabling 
trustworthy calibration of outcomes and simultaneously predict and 
identify the causes of unfavourable outcomes [70]. The first 
platforms lacked interconnectivity between applications, had poor 
user engagement, high cost, and inability to scale [80, 81, 82]. 
Recently, a remote patient monitoring system has been developed, 
which tracks in real-time patient’s physical therapy and home exercise 
program participation and compliance through the patient’s 
smartphone. The surgical team can track down patient’s progress and 
step in if postoperative milestones are not achieved in proper time 
[83, 84].

7. Augmented Reality
Augmented Reality (AR) is “the concept of digitally superimposing 
virtual objects onto physical objects in real space so individuals can 
interact with both at the same time” [85]. The simulation in virtual 
reality (VR) happens in a computer-generated environment [86]. An 
AR system comprises special hardware and software to commix real-
world live objects with computer-processed and generated images 
[86] and depict via a video projector, computer or tablet [87]. AR 
system consists of three components as elaborated by Nikou et al. 
[88]: real-time position tracking system, display tool, and system 
controlling software [89]. The position tracking system supervised 
object location and orientation in the operative field. Imaging 
modalities (e.g., fluoroscopy) are components of the tracking system. 
Markers (e.g., metal spheres) detectable by the imaging modality, 
attached to patient or surgical equipment enable orientation of the 
relative position of objects in the operative field. The system control 
software processes information from the tracking system and 
transforms the input data into images, which are directed to the 
display system, where the combination with the view of the real scene 
takes place [88, 90, 91].

Future implications of Augmented Reality
AR probably can be utilized for component’s alignment in total joint 
arthroplasty [89] because it can provide legitimate measurements of 
lower limb’s mechanical axis deviation, with fewer X-ray image 
acquisitions [92]. Pokhrel et al. [93] proposed an AR based system 
that may ameliorate the bone cutting precision to improve long-term 
outcomes in TKA. AR could also be an important educational 
medium [94], but the extent to which it can justify its role for training 
orthopaedic surgeons is to be further investigated. Cost-effectiveness 
of AR must be censoriously evaluated [95] prior to its routine use. 
Lastly, AR should be compared to other technologies regarding costs, 
operative time, accuracy, and clinical outcomes, since there is a lack of 
studies which include such comparison [87].

Conclusion 
The hunger for innovation is a sign of progress of science and 
technology.  Advancement in technologies used for TKA is the 
current trend worldwide. There is no doubt that these technologies 
impart greater accuracy and precision in every way a surgeon desires, 
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and adds to surgeons’ armamentarium. Robotics is the trend of the 
present, whereas augmented reality holds a platform for future to 
work upon, improvise and refine total knee arthroplasty. Whether 
augmented reality will enhance the experience of present 
technologies or will overpower them is a matter of debate and 
something to behold in future. No strong evidence exists presently as 
to how much and how significantly these technologies are adding 
value to our arthroplasty, but the rendition of their outcomes is 
something we ardently aspire to venture to in the future. The 
upcoming decade is surely greatly happening with escalating 

improvisations of technology and hopefully elimination of the 
downsides and limitations that we encounter today. We believe the 
future of technologies in total knee arthroplasty is truly soaring high, 
and we must keep ourselves contemporary with the trends of the 
time, technology and science.
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