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Innovations in computer technology and implant design have paved the way for the development of
smart instruments and intelligent implants in trauma and orthopaedics to improve patient-related
functional outcomes. Sensor technology uses embedded devices that detect physical, chemical and
biological signals and provide a way for these signals to be measured and recorded. Sensor technology
applications have been introduced in various fields of medicine in the diagnosis, treatment and moni-
toring of diseases. Intelligent ‘Smart’ implants are devices that can provide diagnostic capabilities along
with therapeutic benefits. In trauma and orthopaedics, applications of sensors is increasing because of
the advances in microchip technologies for implant devices and research designs. It offers real-time
monitoring from the signals transmitted by the embedded sensors and thus provides early manage-
ment solutions. Smart orthopaedic implants have applications in total knee arthroplasty, hip arthro-
plasty, spine surgery, fracture healing, early detection of infection and implant loosening. Here we have
explored the role of Smart sensor implant technology in total knee arthroplasty. Smart sensor assisted
can be used intraoperatively to provide objective assessment of ligament and soft tissue balancing whilst
maintaining the sagittal and coronal alignment to achieve desired kinematic targets following total knee
arthroplasty. It can also provide post-implantation data to monitor implant performance in natural
conditions and patient's clinical recovery during rehabilitation. The use of Smart Sensor implant tech-
nology in total knee arthroplasty appears to provide superior patient satisfaction rates and improved
functional outcomes.

© 2021 Delhi Orthopedic Association. All rights reserved.
1. Introduction

A sensor is an electronic device that measures physical prop-
erties such as temperature, pressure, distance, speed, torque, ac-
celeration, force, flow, etc., and sends the information to an
electronic processor.1 In the medical field, smart sensor technology
has been used to diagnose diseases, monitor conditions (e.g.,
Asthma O2 concentration or glucose concentration in diabetes
mellitus), deliver anaesthesia, operate insulin pumps, run kidney
ikeyan.P. Iyengar), benjamin.
o@gmail.com (V.K. Jain), r.
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rights reserved.
dialysis, intravenous fluid management systems, undertake
oncology screening and provide automatic drug delivery.2e5 The
ability of the sensors to measure multifarious data on patient's
biological activities allows sensor technology to be used in the
management of patient care. The focus of this technology is to
improve patient care and increase health care efficiency.

Advances in Smart sensor technology have allowed it to develop
a niche in trauma and orthopaedics with various applications.6,7

[Table 1]. The goal of newer technologies such as Artificial Intelli-
gence (AI) is to improve patient-related health care outcomes and
enhance the quality of life.8 This has been made possible with
research and development in the arena of commonly used im-
plants, prosthetics, devices, and instrumentation. Technology
innovation thus can create intelligent implants and smart in-
struments in the broad field of orthopaedics. Big data analytics,
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Table 1
Smart sensor (SS) technology applications in Trauma and orthopaedics.

No. Field Applications/Description/Examples/

1 Orthopaedic Surgery- � TKA, THR, joint replacements e intra-operative real time and post-operative monitoring
� Spine- a strain gage measuring device to assess Spine fusions.

2 Trauma surgery � Trauma nails/plates implanted with SS devices to monitor fracture healing
� To detect stress and strain patterns across fracture sites

3 Post-operative � TKA knee rehabilitation- Range of movement and gait analysis
� Monitor exercise compliance
� Performance, load bearing and range of movement data collection

4 Monitoring � Feedback to clinicians, Physiotherapists about performance of implant
� Early detection of wear, aseptic loosening and biochemical sensor changes for infection

5 Surveillance � National Joint Registry data for Kaplan-Meyer Survivorship analysis.
� Regulatory authority surveillance e.g. MHRA

6 Research and Development � Researchers can use output data to improve the orthopaedic implant designs
� Improve longevity of orthopaedic implants
� Improve cost of orthopaedic implants

7 Training � Form a basis for surgical and nurse training to improve technique and clinical outcomes
8 Future applications � Self-detection and drug delivery technology in Implant alerts e.g. release of antibiotics or growth hormones to promote healing

Abbreviations: MHRA ¼ Medical health Regulatory Authority; TKA ¼ Total knee arthroplasty; THR ¼ Total hip replacement.
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computer-aided orthopaedic surgery (CAOS), Deep learning, Intel-
ligent orthopaedics, Machine learning, Medical robotics and Smart
instrumentation are revolutionising the art of providing patient-
centred care in trauma and orthopaedics.9,10 Smart Sensor Tech-
nology has found applications in the treatment of hip and knee
osteoarthritis, spinal instrumentation, and fracture healing.11e13

Osteoarthritis of the knee is one of the commonmusculoskeletal
pathologies that can lead to pain, disability, and affect activities of
daily living (ADL). Total knee arthroplasty (TKA) is one of the most
regularly performed procedures to treat severe degenerative and
inflammatory arthropathy of the knee.14 However, in this widely
practiced procedure with low complication rates, about 1 in 20
patients (nearly 20%) of patients who undergo TKA are dissatisfied
with the results.15 The cause of disappointment includes patients'
expectations, ongoing pain, functional impairment or inability to
undertake activities that are critical elements in their daily life, such
as kneeling, squatting, and stair climbing.16,17 A successful outcome
in TKA is broadly dependent on three factors: patient dependant
factors, surgical technique, and implant design [Fig. 1]. Patient
dependant factors such as obesity can be optimized and surgical
precision improved. Poor outcomes due to aseptic loosening,
implant wear, osteolysis, etc., can be mitigated by improved
implant designs with advances in tribology. Maximising goals in
TKA by increasing longevity and design of implants will enhance
functional patient-related outcomes and consequently, health-
related quality of life (HRQOL).18,19

To influence the results of TKA, smart sensor technology can be
applied to the design of implants at the intra-operative, post-
operative, and rehabilitation phases of TKA pathway. In this article,
we evaluate the current concepts and future applications of Smart
sensor implant technology in improving TKA outcomes.

1.1. Search strategy

We carried out a comprehensive review of the literature using
suitable keywords such as ‘Sensor’, ‘smart implant’, ‘Smart sensor
technology’ and ‘total knee arthroplasty’ on the search engines of
PubMed, SCOPUS and Google Scholar databases in between 1999
and 2021. Relevant articles were chosen to write this narrative
review.

2. The need for innovative technologies in TKA

TKA is a widely undertaken procedure for managing a range of
orthopaedic conditions affecting the knee joint, predominantly
2

arthritis of the knee associated with pain and disability secondary
to degenerative and inflammatory or post-traumatic pathologies.
However, as with other joint arthroplasty procedures, some of
them fail. Failure mechanisms in TKA include infection and
implant-associated factors, including polythene wear, loosening,
mal-alignment, and instability.20 With improvements in poly-
ethylene manufacture, polyethylene wear is no longer a leading
cause of failure. Nevertheless, there is a role in improving implant
designs and surgical techniques to further enhance longevity and
avoid technical errors. A typical TKA basic construct consists of a
metallic femoral component, a tibial base plate component, ultra-
high molecular-weight polyethylene (UHMWPE) plastic spacer,
and a patellar component.

2.1. Smart implants can be developed in broadly two ways

(i) Additive manufacturing (AM): is a new manufacturing
technique that develops custom implants and patient-
specific instrumentations (PSI) using a computer-aided
design (CAD) model, layer-by-layer from computed tomog-
raphy (CT) data.21 3-D printing and other technologies assist
this process.

(ii) Smart sensor technology: Smart sensor (SS) devices are
incorporated into implants to provide real-time or post-
implantation data to monitor implant performance and pa-
tient clinical parameters.1,6,7

3. Smart sensor technology in TKA and its theory behind the
practical application

SS devices are incorporated in the polyethylene spacer to pro-
vide real-time intra-operative monitoring or integrated into the
tibial baseplate component for patient monitoring. The implanted
SS device in the TKA has undergone significant evolution. The
earliest SS implants utilized percutaneous lead wires that extended
from the instrumented implant directly to an external data logging
device and hence were not of practical use in patients. Advances in
microchip technologies, molecular chemistry, research, and design
have made it possible to develop miniature size SS devices applied
to trial implants intra-operatively or used later for patient moni-
toring. OrthoSensor® [Stryker (NYSE:SYK)], a SS company, is lead-
ing the development of SS technology applications in TKA.
OrthoSensor® has developed VERASENSE™ Sensor-Assisted Total
Knee Arthroplasty. In addition, it has teamedwith Zimmer Biomet®
to produce next-generation TKA implant technology with the



Fig. 1. Factors affecting outcome in Total Knee Arthroplasty and influence site of Smart Sensor technology application.
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incorporation of wireless SS devices in a range of TKA implant
designs.22,23

The SS device can be used in two ways:

(i) Intra-operative: as a disposable, wireless chip in the trial
implants during the TKA procedure. (Fig. 2). This can provide
Fig. 2. Diagrammatic representation of a Smart Sens

3

real-time analysis to allow ideal ligament and soft tissue
balancing during TKA. Sensors facilitate the replication of
natural joint stability and improves the rate of achieving a
balanced knee.24 A balanced knee permits appropriate
implant positioning and thus helps in better alignment
leading to improved outcomes.25
or device in a TKA component. S¼ Sensor chip.
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(ii) Monitoring: A similar SS implant could be incorporated for
long-term monitoring of the TKA implant and the patient.
This would allow the clinician to monitor physical, chemical,
and biological signals. For example, physical attributes such
as temperature, pressure, speed, torque can be measured to
identify early changes, implant wear, and infection. The sig-
nals from the SS device in the implant are transmitted using
Radio Frequency Identification (RFID) technique to appro-
priate data servers for computer-based analysis and action
(Fig. 3-).
Fig. 3. Diagrammatic representation Smart Sensor implant technology in TKA. S¼
Sensor chip; RF ¼ Radiofrequency wave technique for data transfer.
4. Advantages of SS based TKA technology

4.1. Intra-operative application

TKA is considered by some as a soft-tissue procedure with bone
cuts. Consequently, ‘soft-tissue and ligament balancing’ is a crucial
step in maximising goals to achieve a successful outcome in TKA.26

Traditionally, this is undertaken by subjective feel and judgment to
determine adequate ‘soft-tissue’ balancing of the TKA. However,
the subjective assessment may not allow critical analysis of such
balancing, especially during dynamic phases of the knee range of
movement, particularly mid-flexion. Flexion instability is one of the
common causes of errors in a symptomatic TKA and needs
addressing with revision surgery. SS based TKA technology thus
provides real-time intra-operative assessment and quantitative
feedback of the TKA to achieve optimum ‘soft-tissue and ligament
balancing’. Thus, surgeon-defined assessment can be improved
with the use of sensor based ‘Gap balancing’.27 It has been reported
patients undergoing TKA with quantifiably balanced soft tissue
achieve significantly better clinical outcomes, sooner than unbal-
anced patients.28 This leads to superior satisfaction rates and
improved knee outcomes.25

4.2. Post-operative monitoring

The SS implant will relay diagnostic data from inside the patient
to the computer. The attending surgeon and/or physiotherapist can
analyse this data about implant positioning, load bearing and
pressure. Range-of-motion, gait analysis, joint stability, particle
count around an implant (connecting to osteolysis) can be
measured. Other sensor properties such as temperature, pH, and
local biochemical changes of lactate, glucose levels can be moni-
tored for early signs of infection.

4.3. Implant survival rates and surveillance

The unique Implant ID and Patient ID data accessed by an RFID
tag can be recorded with existing and new National Joint Registry
(NJR) to evaluate long-term outcomes, implant survival (e.g.
Kaplan-Meir Survival analysis). This subsequently will provide in-
formation to support Research and development or modification of
future implant designs.

4.4. Rehabilitation

Post-operative supervised physiotherapy and accelerated reha-
bilitation programmes have enhanced patient-related outcome
measures (PROMs) in patients undergoing TKA. This is currently
face-to-face or with the use of telemedicine-based platforms. SS
technology can be expanded to provide remote performance, load
bearing, range of movement, and gait analysis data collection.
Compliance with rehabilitation or modification of a physiotherapy
regime can be initiated depending on the progress data.
4

4.5. Cost benefits

Advancement in implant designs, Patient-specific implants are
projected to provide cost-benefit to the patients and broader health
care by reducing the incidence of revision TKA surgery. This would
be possible by improved longevity of implants and early detection
of potential complications or mechanisms of failure such as aseptic
loosening or infection.

4.6. Operating theatre (OT) time

There is no extra-time required to use SS based technology for
objectively balancing soft tissue while performing TKA. It has been
observed that sensor assisted TKA cases required similar OT time
and matched with manually balanced TKA cases.29

4.7. Role in complex TKA

Role of TKA on SS based technology could be particularly valu-
able in undertaking complex knee surgeries such as patients with
severe varus or valgus deformity, associated distal femur or prox-
imal femoral deformities, and severe bone loss.24 However, this
application is yet to be assessed in large clinical trials.

4.8. Research and development

SS technology from the above applications will enable re-
searchers and scientists to modify or develop new implant designs
to improve outcomes further.

5. Future advancements of SS based TKA technology

� Future Diagnostics: Current available SS implant devices pro-
vide real-time data for intra-operative assessment and post-
operative monitoring. Future applications in SS technology
will allow long-term surveillance of TKA. For e.g., diagnostic SS
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chips may remain dormant till the device detects an abnor-
mality. The SS device will send diagnostic data through the
wireless network to the cloud-based computers to detect
abnormal signals (abnormal pressure/load pattern suggestive of
instability) or increase biochemical markers to highlight sub-
clinical or clinical suspicion of infection.

� Future ‘Self-Treatment’ options: It is anticipated with the
advancement in diagnostic, monitoring and surveillance capa-
bilities of the SS devices, it may provide innovative implants to
both diagnose and treat the patient, without surgical interven-
tion but with clinical supervision. Nanotechnology and drug
delivery systems may help the local, early release of
antibiotics.30
6. Challenges in implementation of SS based TKA technology

� Cost: Currently, in-vivo applications can be incorporated into
custom implants. Hence the SS-based TKA technology implants
are costlier than conventional implants. This may restrict its use
in public-funded health care systems such as the National
Health Service, England however, increased availability, mass
production, and improved results with SS-based designs may
make SS-based TKA technology cost-neutral.

� Safety Data: All newer implant designs and technology are
monitored by national and international institutions for per-
formance. Approval by regulatory authorities based on clinical
trials and patient outcomes will be essential for widespread
acceptance of the SS- based TKA technology. NJR data collection
and distribution of results will reinforce the evidence-based
application of this technology.

� Data Security: Since patient data is collected for analysis, pa-
tient consent, confidentiality, data protection will have to
adhere to the principles of information governance and digital
security laws.
7. Conclusion

TKA outcomes can be improved with the application of SS-based
technology in the newer design of implants. Real-time SS implants
will assist the operating surgeon in achieving the essential ‘soft-
tissue and ligament balancing’ e a crucial step in accomplishing
successful outcome. SS- supported TKA can provide significant
benefits of monitoring post-operative rehabilitation goals and
wear. Challenges in regular implementation of SS technology-based
TKA in clinical practice will require evaluation of cost-benefit
analysis compared to traditional methods, performance data, and
evidence from trials. Adaptation of new technology, surgeons
experience, training and patient involvement in the decision-
making process will be key in the success of this technology.
However, future research and designs with SS technology will allow
early detection of standard modes of failure associated with TKA
and prevent the need for revision surgery. Improving implant
survival rates and ability to apply SS- based technology in complex
knee deformities will lead to better patient satisfaction rates. The
development of future ‘Self-diagnostic’ and ‘Self-treatment capa-
bilities’ coupledwith Nanotechnology applicationswill advance the
effectiveness of TKA. As the SS-technology gets more refined, it has
the potential of transforming the current implant design of TKA.
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