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Abstract

Smart implants are implantable devices that provide not only therapeutic benefits but also have 

diagnostic capabilities. The integration of smart implants into daily clinical practice has the 

potential for massive cost savings to the health care system. Applications for smart orthopedic 

implants have been identified for knee arthroplasty, hip arthroplasty, spine fusion, fracture fixation 

and others. To date, smart orthopedic implants have been used to measure physical parameters 

from inside the body, including pressure, force, strain, displacement, proximity and temperature. 

The measurement of physical stimuli is achieved through integration of application-specific 

technology with the implant. Data from smart implants have led to refinements in implant design, 

surgical technique and strategies for postoperative care and rehabilitation. In spite of decades of 

research, with very few exceptions, smart implants have not yet become a part of daily clinical 

practice. This is largely because integration of current sensor technology necessitates significant 

modification to the implants. While the technology underlying smart implants has matured 

significantly over the last several decades, there are still significant technical challenges that need 

to be overcome before smart implants become part of mainstream health care. Sensors for next-

generation smart implants will be small, simple, robust and inexpensive and will necessitate little 

to no modification to existing implant designs. With rapidly advancing technology, the widespread 

implementation of smart implants is near. New sensor technology that minimizes modifications to 

existing implants is the key to enabling smart implants into daily clinical practice.
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Introduction

Smart implants are implantable devices that provide not only therapeutic benefits but also 

have diagnostic capabilities. Smart implants can enable personalized medicine, optimize 

care for individual patients and improve outcomes while reducing costs.1 As diagnostic 

tools, smart implants can provide information characterizing the environment inside the 

body that cannot be obtained by any other way. This information can provide objective 

quantitative data to tailor treatments, trigger transitions in care and detect adverse events 

earlier.2,3 Smart implants can also provide continuous monitoring of critical intracorporal 

parameters, the data from which can be used to guide treatments in real time.2 The 

integration of smart implants into daily clinical practice has the potential for massive cost 

savings to the health care system by minimizing expensive complications, decreasing 

recovery times, decreasing lost work days after surgery and reducing readmissions and 

revision procedures.2 Smart implant-based research has also contributed critically to our 

understanding of in vivo pathophysiology, healing, implant–tissue interfaces and 

biomechanics. Smart implant research has also provided important knowledge for the 

development of next-generation implants and surgical techniques.4,5

While the technology underlying smart implants, including sensing, power transfer, energy 

storage and wireless communications, has matured significantly over the last several 

decades, there are still significant technical challenges that need to be overcome before 

smart implants become part of mainstream health care.2,5

In all smart implant applications, the implant is the vehicle that carries the diagnostic 

technology into the body (Figure 1). Owing to the relatively large physical size of many 

orthopedic implants, the bulk provides an opportunity for symbiosis between implant and 

sensing technology.6 Physically large implants provide the means to incorporate sensors, 

signal conditioning electronics and telemetry into the implant itself or on its surface. 

Because of the opportunity for integration of sensing technology, there has been much 

innovation and development in smart orthopedic implant applications over the last 5 

decades.

Technology overview

Strain gage-based sensing has been the mainstay of smart implants since the 1960s.1,4,7 

Strain gages are thin foil arrays deposited onto a backing substrate. For smart implant 

applications, the gage is bonded directly to the surface of the implant with an adhesive 

(Figure 2). As the implant deforms, the strain gage deforms equivalently, and with that 

deformation, there is a characteristic change in the resistance of the gage, which is 

proportional to the strain experienced by the implant. After signal conditioning, the output 

voltage is proportional to strain.8

Protecting strain gages and their circuits from the effects of bodily fluids is a challenge.7,9 A 

strategy to obviate this challenge is to modify the implant in a way where the strain gages 

can be mounted on the inside of the implant.10,11 In many smart implant applications, the 

implant is modified by creating a cavity or recess into which strain gages can be mounted 

and the signal conditioning electronics can be placed.1,12 Once the sensors and electronics 
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are in the cavity, a lid is laser welded to hermetically seal the cavity.1,11,13 The strain gages 

are sealed within the altered structure of the implant with lead wires or an antenna extending 

out of the cavity for transfer of power and communication of data.1,14

The earliest smart implants utilized percutaneous lead wires that extended from the 

instrumented implant directly to an external data logger.15,16 The obvious limitations of 

percutaneous lead wires include the potential for infection, limited mobility of the patient 

and patient acceptability.4 While percutaneous connections are not viable for clinical 

applications,1,3 wired smart implants do provide a low-cost, high-performance technology 

for preclinical research.17,18

To go beyond the limitations of wired systems, second-generation smart implants utilized 

telemetry transmitters powered by batteries (Figure 3).1,19,20 Battery-powered systems 

provide direct power to the implanted electronics and do not have the disadvantages of 

percutaneous leads. Battery-powered systems are limited by their large size (to 

accommodate the bulk of the battery) and the finite life of the battery itself.21 Because of 

their limited life, powering smart implants by batteries is impractical for anything other than 

acute studies or preclinical research.1,22,23

To facilitate a (theoretically) infinite life, wireless, inductively powered smart implant 

systems have been developed.24 These systems rely on the transfer of electromagnetic 

energy between a source outside the patient and a receiver integrated into the implant. 

Electromagnetic energy is transmitted by inductive coupling through radiofrequency (RF) 

fields. The implanted systems have no battery but typically contain energy storage elements 

that power the circuits once power is inductively transferred.

The earliest inductively powered smart implant systems were developed in the 1960s and 

1970s.25–27 These systems were generally complex and bulky primarily due to the size of 

the electrical components available at that time. Multiple printed circuit boards were 

necessary for interfacing sensors with signal conditioning electronics and transmitting data.
25 Owing to their complexity, these systems had low reliability and were fraught with 

failures. As electronics technology evolved, telemetry systems became more compact and 

more robust, which has enabled smart implant technology to become more viable for clinical 

applications over the last 2 decades.12 Low power circuits have been developed to minimize 

the amount of power transferred.11 These systems can read multiple sensors and have little 

drift over time.9,10

Within the implant, typical smart implants include strain gages, a power coil for inductive 

coupling, an antenna for transmitting data, signal conditioning circuits and a telemetry 

system.10 External readers generate an RF signal that is transmitted through an external 

antenna to the implanted system. Individual implants are precalibrated by applying a known 

stimulus (eg, force or pressure) to the implant in the controlled setting of the laboratory.1,13 

The corresponding strain signals are used to calibrate the implant. Each implant’s calibration 

data are used to convert the transmitted strain to a signal representative of the measurand.

Smart orthopedic implants have primarily been used to measure physical parameters, 

including pressure, force, strain, displacement, proximity and temperature. The 
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measurement of physical stimuli is achieved through integration of application-specific 

technology with the implant. Applications for smart orthopedic implants have been 

identified for knee arthroplasty, hip arthroplasty, spine fusion, fracture fixation and others.

Applications in the knee

Osteoarthritis of the knee is one of the most common musculoskeletal pathologies 

worldwide. For patients who fail conservative therapy, total knee arthroplasty (TKA) is the 

gold standard treatment. By 2030, the demand for primary total knee arthroplasties is 

projected to grow to 3.48 million procedures in the USA.28 During TKA, the distal femur 

and proximal tibia are resected and often the patella is resurfaced. The distal femur and 

proximal tibia are replaced with metal components, and an ultra-high molecular weight 

polyethylene (UHMWPE) insert is affixed to the tibial component, on which the femoral 

component articulates. An UHMWPE button is cemented to the posterior patella for 

articulation of the patellofemoral joint.

Although TKA is a common procedure with low complication rates, postoperative joint 

biomechanics can affect range of motion, implant survival rates and long-term outcomes. 

These factors are largely dependent on the surgical technique and implant design. Feedback 

that indicates forces, pressures, displacements or stresses on the implant intraoperatively and 

postoperatively can be used to optimize implant design, implant selection and surgical 

technique, all of which affect patient outcomes.29 In this way, smart knee implants have an 

important role in the understanding of knee biomechanics.

Knee forces are highly dynamic and dependent on body weight, external loads, muscle 

activity and joint kinematics. The magnitude of these forces dictates implant wear rates and 

implant component survival. Estimating forces across the tibiofemoral and patellofemoral 

joints remains a challenge due to the complex and redundant contributions of the muscles. 

Smart implants have been used to measure tibiofemoral joint forces for patients undergoing 

TKA.

First-generation implants integrated strain gage-based load cells into the tibial tray.30 The 

stem and keel of these components were hollowed out to house signal conditioners, 

microprocessors and telemetry.31 Second-generation designs were capable of measuring 

multiaxial forces via six or 12 strain gages affixed to the stem distal to the tibial tray.32,33

Based on data from smart knee implants, peak forces while walking after TKA are 1.8–2.6 

times body weight (BW) and are centered in the middle of the tibial tray.34–37 Walking on a 

treadmill reduces knee forces relative to a hard floor, while increasing the speed of gait 

increases forces.35 Jogging results in forces of ~4 × BW. Forces in the knee are 19% higher 

during gait with shoes than without shoes.34 During stair climbing, forces increase to ~3.0 × 

BW at 35° to 50° of knee flexion.37,38 Stair decent causes highest forces of 4.0 × BW.36 

Rising from a chair results in peak forces of 1.5–2.5 × BW. Stationary cycling results in 

forces of ~1.0 × BW, whereas forces of 4.0 × BW are generated during golf swing.35 Peak 

forces during tennis are associated with the serve and are lower than golf.35 Forces across 

the knee can exceed 5.5 × BW when muscles are co-contracted during loss of balance.36 

During all activities, shear forces are small compared to axial loads.36,39
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While there has been substantial research using smart implants to better characterize 

tibiofemoral forces in the knee, little research has been conducted for the patellofemoral 

joint. The patellofemoral joint is physically small, and thus, there is little room for the 

placement of sensors, signal conditioning electronics and telemetry within the patellar 

implant. This has made the development of smart patellar implants prohibitive with 

traditional technology (such as strain gages). Only recently a smart patellar implant has been 

developed to measure patellofemoral forces.40 Three passive resonator force sensors were 

integrated with an off-the-shelf UHMWPE patellar button with no modification to the 

implant in a configuration where all forces transmitted through the patellofemoral joint were 

also transmitted through the sensors. While this technology has yet to be used in vivo, the 

simple integration of the sensors with the implant makes this technology promising.

To date, all in vivo applications for permanent smart knee implants have been research 

oriented and not part of clinical practice. Data from smart implants have led to refinements 

in implant design, surgical technique and strategies for postoperative care and rehabilitation. 

Future applications for permanent smart knee implants include monitoring forces during 

activities to avoid exposing the knee to forces that could accelerate wear, cause loosening or 

premature failure of the implant.

While in vivo data collection from permanent implants remains challenging, there is 

substantial clinical value to providing intraoperative measurements of forces using trial 

implants during TKA. Alignment and sizing of the components intraoperatively are critical 

to achieve balance and the appropriate mechanical axis of the knee. Collateral ligament 

release is commonly used to adjust tension between medial and lateral compartments. The 

extent of release dictates the forces in the two compartments and historically was based on 

clinical judgment. Smart implants that provide force measurements in the two compartments 

have been used intraoperatively to guide ligament balance.

For intraoperative measurements, first-generation provisional or trial components were 

instrumented with four piezoelectric elements to measure forces in the anterolateral, 

posterolateral, anteromedial and posteromedial quadrants of the knee.41 This concept has 

evolved into a family of smart tibial trial components that are commercialized by Ortho-

Sensor.42 The system comprises an array of sensors and a microprocessor, which wirelessly 

transmits real-time data to a portable graphic display unit that shows forces and points of 

contact in the component intraoperatively.43 OrthoSensor has aligned itself with multiple 

implant manufacturers to provide smart components that be can used with off-the-shelf 

implants by surgeons who want the additional data intraoperatively. Costs for the 

instrumented trial implant are ~$500, but this expense is justified in the better outcomes and 

fewer complications that are fostered with the advanced technology.42–45 Other systems with 

similar designs have recently been described.46

Applications in the hip

Like the knee, osteoarthritis is common in the hip. For patients who fail conservative care, 

total hip arthroplasty (THA) is the gold standard treatment. By 2030, the demand for 

primary total hip arthroplasties is estimated to grow to 572,000.28 During THA, the 

proximal femur is resected and the acetabulum is resurfaced. The proximal femur is replaced 
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with a metal stem and metal or ceramic ball. A metal cup is placed in the acetabulum with a 

UHMWPE or ceramic insert on which the femoral component articulates.

Like the knee, biomechanics plays a critical role in implant survival and patient satisfaction 

following THA. Smart implants have played a significant role in our understanding of the 

biomechanics of THA and optimizing outcomes.

The first smart THA was performed in 1966.15 In this landmark study, a custom three-part 

femoral component was designed and fabricated with strain gages in the neck. The 

prosthesis was wired, and the lead wires extended percutaneously from the implant to an 

external data logger. It was not until almost a decade later that the next-generation wireless 

prosthesis was developed and used clinically.25 These systems incorporated up to 14 strain 

gages, signal conditioning circuits and battery-powered20 or inductively powered47 

telemetry systems. The sensors and up to five printed circuit boards, which comprised the 

telemetry and signal conditioning electronics, were placed in the hollow ball25 or the 

hollowed neck20 of the femoral component. The longevity of these implants was limited, 

and initial data were collected for 31 days or fewer. Similar implants were used to measure 

contact pressure in the hip for up to 36 months postoperatively.48

More recent implants measure loads and bending moments in all six directions with <1% 

error.49 Some systems have been instrumented with two telemetry systems and with sensors 

to measure both force and temperature throughout the femoral component.50 State-of-the-art 

implants measure force and temperature with all the electronics contained within the 

titanium stem (no antenna outside the prosthesis).51

Data from smart hip implants indicate that forces are as high as to 3.6 × BW during one-leg 

standing, 3.3 × BW during walking and 4.3 × BW during running.20,47 Data indicate that hip 

forces during double-leg stance are ~1.0 × BW.20 During stair ascent, forces are up to 2.6 × 

BW.20,47,52,53 Isometric contraction of the hip adductors results in a peak pressure of 5.0 

MPa,48 while pressure as high as 18 MPa was measured during dynamic activities, including 

rising from a chair, stair climbing, jogging and jumping.48 Stationary cycling generates a 

low maximum pressure of 1.6 MPa and forces of ~1.2 × BW.48,54 The highest observed 

forces occurred during jogging at 12 months postoperatively (5.6 × BW) and during 

stumbling (7.2–8.7 × BW),14,52 suggesting the contribution of muscle contraction to joint 

forces. The choice of footwear (hard or soft heel) does not affect forces during walking. The 

use of crutches reduces hip forces by ~20%, but only during the first 4 weeks 

postoperatively, after which the differences diminish.55 Forces on the hip are reduced more 

by using a cane in the contralateral hand than in the ipsilateral hand.15

Data also indicate that during walking, temperatures in the hip can exceed 43°C in joints 

with ceramic ball and UHMWPE cup.56 Temperatures were lower in joints with alumina 

ceramic cups.

In addition to force, pressure and temperature measurements, smart hip implants have also 

been developed to detect loosening of prostheses, which is one of the most common 

complications of THA.57 Implants were instrumented with vibration-sensitive lock-in 
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amplifiers and telemetry. When the femur was subjected to vibrations during simulations, 

the systems were able to detect loosening.

Like the knee, the motivation for the in vivo smart hip implant use to date has been research 

applications, not for guiding patient-specific care. Data gleaned from smart hip implants 

have addressed many clinically relevant questions to direct care. Smart implants have 

provided answers to questions about the use of crutches or canes postoperatively and have 

guided rehabilitation regimens following THA.48 As research tools, data from smart hip 

implants have helped to better define load conditions for testing and verifying the 

performance of implants in vitro.58 As tools for designing the next generation of implants 

and materials, they have provided a more comprehensive understanding of the 

biomechanical demands of THA.

Applications in the spine

Low back pain and neck pain are the leading causes of disability worldwide.59,60 After 

failing conservative care, many patients elect to undergo spinal fusion surgery. There are 

>450,000 spinal fusions each year in the USA.61 The goal of spinal fusion surgery is to 

perform an arthrodesis between two (or more) adjacent vertebrae and facilitate bony 

bridging between the vertebrae. In the cervical spine, this is typically achieved by placing an 

interbody “cage” implant into the intervertebral disk space and then affixing an anterior 

cervical plate to the adjacent vertebral bodies. In the lumbar spine, there are multiple 

surgical options, among the most common being posterior decompression and fusion. A 

laminectomy is performed to decompress the spine, an interbody cage is placed in the 

intervertebral disc space and pedicle screws and rods are used to stabilize the spine 

posteriorly.

The success or failure of a spinal fusion is highly dependent on both biology and 

biomechanics. Yet the biomechanics of the spine is poorly understood. Loading is extremely 

complex due to the multiply redundant intrinsic and extrinsic muscles acting on the spine. 

After surgery, implants are subjected to axial forces as well as bending moments in flexion, 

extension, lateral bending and torsion. An understanding of these forces is critical to 

selecting the appropriate intervention, designing effective implants and prescribing optimal 

postoperative rehabilitation.

Smart implants have been used as research tools to understand spine biomechanics since 

1966 when Waugh16 instrumented Harrington rods with 10 strain gages and implanted them 

into three patients undergoing fusion for scoliosis. The instrumented rods were placed in the 

spine temporarily and were used to collect force data until they were exchanged for 

traditional rods in a follow-up procedure. The smart rods had lead wires, which extended 

percutaneously and attached directly to a data logger. Later, a modified version of smart 

Harrington rods was developed to have the rods function as variable inductance transducers 

whereby the inductance changed with application of force. The transducer was attached to a 

telemetry system, and the smart rods were placed in four patients.26,62 To overcome some of 

the limitations of these first-generation rods, next-generation systems were enabled by 

mounting strain gages to the hooks that attached the rod to the spine.63 The strain gages 
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were attached to lead wires, which extended percutaneously. The systems were used 

intraoperatively to measure forces during spinal distraction in the correction of scoliosis.

As the use of Harrington rods decreased, next-generation smart spinal implants were 

developed using similar strategies as total knee and hip components; hollow spaces were 

created in large fixators to house strain gages, signal conditioning electronics and telemetry 

systems.64,65 The only spine fixators physically large enough were rods placed on the 

posterior spine in a configuration where they were loaded in parallel (ie, load sharing) with 

the spine. The implants were instrumented to measure forces and bending moments in all 

directions.66

Data from these posterior fixators demonstrated forces as high as 363 N during coughing 

and 676 N when one patient vomited.26 The high forces were likely due to muscle 

contration.67 Forces during sitting have been measured at 176 N,16 and forces during 

twisting and lifting (a 2 kg weight) can exceed 421 N.26 Peak bending moments on the rods 

were as high as 9.0 Nm, and peak compression forces approached 400 N during flexion.67,68 

The application of a cast or a Milwaukee brace reduced forces on the rods,62 and the use of a 

walker reduced forces in the spine by ~25%.68 Ascending and descending stairs resulted in 

forces approximately equal to level walking.68

As research tools, forces measured by posterior rods have provided valuable insights into the 

biomechanical environments to which the rods are exposed, but because the rods are load 

sharing with the spine, forces in the spine itself cannot be determined in this way. In contrast 

to posterior rod-based systems, interbody implants and corpectomy implants (vertebral body 

replacements) are loaded in series with the spine, and thus, they are exposed to the same 

forces to which the spine is exposed. Like hip and knee implants, vertebral body 

replacements are sufficiently large to house strain gages, signal conditioning electronics and 

telemetry within.69 However, interbody implants are much smaller than smart hip, knee and 

posterior spinal implants, and so different strategies have been used for these systems. For 

interbody cages, strain gages have been used to transduce force, but due to their small 

physical size, these systems have either required lead wires that extend percutaneously17,18 

or the implants were connected to telemetry systems that were placed outside of the spine in 

a subcutaneous pouch.22,23

Data from preclinical models indicate that forces on the spine are highly dynamic, 

dependent on activity, posture and muscle contraction, and can exceed 4.7 × BW.22,23 

Highest forces were achieved during combined flexion with torsion, and the magnitude of 

forces correlated strongly to muscle contraction.17 Recently, instrumented interbody 

implants have demonstrated that the mechanical properties of the implants themselves 

dictate load sharing, which can strongly affect the rate and quality of fusion.70

Clinical data from smart interbody implants and vertebral body replacements show that 

forces are highly dynamic. From sitting or standing in neutral position, flexing even a few 

degrees causes a significant increase in compressive forces. During flexion, forces in the 

spine can exceed 5 × BW.71 Carrying loads in the arms causes axial forces in the spine to 

exceed 700 N.71 Lifting a 10 kg weight from the ground results in forces exceeding 1,650 N.
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72 When walking, the use of a walker reduces spinal forces by up to 60%.71 When lying 

down, forces are reduced to <100 N whether supine, prone, or lateral.71 Highest moments 

occur during lateral bending and can exceeded 5 Nm in magnitude.71,73

One of the most significant clinical challenges following spine fusion surgery is determining 

when solid bony fusion has occurred. Smart spinal implants may be a means to 

quantitatively assess the progression of fusion because forces through implants change as 

bone is forming and fusion is maturing.74–77 In an attempt to achieve this important clinical 

goal, new techniques have been proposed for measuring forces to detect fusion in pedicle 

screw-based smart implants74,75,78 and interbody implants.79 Although, no correlations have 

been found between time since surgery and forces measured in smart implants to date,80,81 

just recently, promising new research with interbody cages has shown that forces on smart 

interbody implants do correlate to the progression of fusion.82

In the spine, smart implants have provided critical data on the role of posture, activity and 

muscle activation in spine biomechanics. This is important because spine loading plays a key 

role in both the disease process and the course of healing for patients with low back pain 

who undergo surgical intervention. These data have directed researchers and clinicians on 

optimizing research models, refining implant designs and managing postoperative care and 

rehabilitation. Only recently, however, have smart spine implants shown promise as tools to 

objectively and quantitatively diagnose the progression of fusion. This has the potential to 

guide care and optimize treatments for individual patients. However, this clinical application 

has not yet been realized.

Applications in fracture fixation

In surgical fixation of long bone fractures, an implant is affixed to the bone both proximal 

and distal to the fracture to act as a buttress. The implants stabilize the bony fragments to 

facilitate healing. Fracture plates, intramedullary rods and external fixators are options for 

fracture fixation. When a bone is loaded (eg, the tibia is loaded during weight bearing on the 

lower limb), the loads are transmitted through the bone and the fixator (Figure 4). In the 

acute postoperative period, the fracture is not capable of sustaining any loads, and thus if the 

patient bears weight on the limb, the forces are transmitted exclusively through the fixator 

and not the bone. As the fracture consolidates and a bony callus forms, the bone is able to 

bear some load and thus the fixator experiences less force. As the fracture heals and bone 

bridges, the fracture is able to bear more load while less force is transmitted through the 

fixator. In this way, monitoring loads on a smart fracture fixation device during weight 

bearing can be used as an indication of consolidation and healing of a fracture.83–87

Forces measured from smart fracture fixation devices can be used to provide objective data 

to guide rehabilitation strategies for different stages of treatment (eg, to determine when 

weight bearing can be allowed,85,87 to determine objectively if a patient is progressing 

toward a nonunion,84,88 to guide patients on the most effective weight-bearing exercises to 

stimulate bone formation89 and to diagnose when a patient is sufficiently healed to return to 

work or activities of daily living).
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Smart fracture fixation devices have been utilized to better understand the biomechanics of 

fracture healing for >40 years.83,84,90 The most comprehensive data are from strain gage 

instrumented external fixators with direct lead wire connections.1,83,84,90 Femoral nail plates 

have also been instrumented with strain gages and battery-powered telemetry to measure 

bending moments in the hip.19 Large endoprostheses for the proximal femur89,91 and distal 

femur92 have been used to house strain gages, electronics and telemetry systems to measure 

force. Fracture plates have been instrumented with strain gages to measure forces,93,94 and 

intramedullary rods have been hollowed to house strain gages and telemetry for force 

measurement.86,95

Data demonstrate that muscle forces contribute substantially to loading across fractures.89,92 

Forces in the proximal femur (as high as 4 ´ BW) correlate to vastus lateralis and erector 

spinae activation.89 Bending moments in the proximal femur can exceed 20 Nm during 

activities such as walking and raising the pelvis from a supine position.19 Implant forces 

approach 3,000 N during walking and jumping.89 In a femoral intramedullary rod, forces 

exceed 300 N during partial weight-bearing exercises.86 In the distal femur, jogging results 

in loads of more than 3.3 × BW.92

Clinically, force data from smart implants have been used to monitoring loads on fracture 

plates to ensure that the plate will not fail mechanically.1 In the acute postoperative period, 

patients were instructed to reduce weight bearing on their injured limb until the loads in the 

fracture plate were below the endurance limit of the plate. Based on this patient-specific 

guidance, there were fewer failures of the implants, which were monitored.1

Challenges and emerging technologies

In spite of decades of research, with very few exceptions, smart implants have not yet 

become a part of daily clinical practice. This is primarily because there are a number of 

limitations and challenges that have yet to be overcome in smart implant technology.

For systems with complex electronics, technical challenges include power consumption, 

communication range, data transfer rates, size, robustness and cost.5,6,96,97 To address power 

consumption challenges, ultra-low power circuits coupled with energy harvesting strategies 

have been explored.24 Using these strategies, energy is generated in the implant from 

sources such as vibrations, rotations and deformations during activities such as walking.97 

While energy harvesting strategies show promise, the quantity of energy available for 

harvest is not sufficient to power the electronics.24

To reduce the size of sensors and signal conditioning circuits, microelectromechanical 

systems (MEMS)-based technology has been used for smart implant applications.98–101 The 

microscale components and well-established fabrication methods make MEMS attractive for 

custom electronic and sensor applications.100 MEMS sensors can be fabricated from 

biocompatible materials and materials commonly used in orthopedic implants, including 

polyethylene, titanium and parylene.29,98 Smaller sensors require less power but generally 

function at higher frequencies (hundreds of megahertz to gigahertz).100 One additional 

challenge at higher frequencies is that at higher frequencies, more energy is absorbed by the 

tissues, which can cause heating and attenuation of the signal between external electronics 
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and implanted sensor.96 MEMS-based strain100 and pressure98 sensors have been developed 

and tested. While many MEMS-based transducers have been designed for use in orthopedic 

smart implants, testing has been limited to bench work and preclinical models.

Perhaps, the most significant barrier to integration into clinical practice has been the 

necessity for host implant modification to accommodate sensors and electronics.5,6 Creating 

hollow cavities to house complex electronics and strain gages (Figure 3) is technically 

challenging and expensive and, most significantly, alters the properties of the implant and 

ultimately jeopardizes the implant’s performance.6 Sensors for next-generation smart 

implants will be small, simple, robust and inexpensive and will necessitate little to no 

modification to existing implant designs.4

Recently, piezoresistive polymers have been introduced as an enabling technology for smart 

orthopedic implants. The inherent electrical properties (resistance) of these composite 

polymers change when loads are applied to it. Thus, a piezoresistive polymer with low wear 

rates and good biocompatibility could be used as a force-sensing smart implant in 

applications where UHMWPE is used today, including knee, hip and shoulder arthroplasty.
102 Similarly, force sensors and their signal conditioning circuits that are integrated into the 

polyethylene insert have also been developed.101

Passive resonators are an alternative to traditional sensor systems because passive resonator 

sensors do not require power or signal conditioning electronics.5,6,100,103,104 Passive 

resonator sensors are generally small, simple and comprise few components. They do not 

require signal conditioning or telemetry because when they are exposed to an RF field (via 

an antenna), they resonate. The frequency at which they resonate indicates the state of the 

sensor. A sensor’s fundamental (resting, unstimulated) frequency is proportional to the 

electrical characteristics of the sensor (capacitance and inductance). If designed 

appropriately, when the sensor is subjected to a change in the stimulus of interest (eg, force, 

pressure, or strain), the stimulus causes a physical change in capacitance or inductance (or 

both) of the sensor that shifts the resonant frequency of the sensor. The resonant frequency 

of the sensor can be detected using an external antenna.

Recently, a family of passive resonator-based sensors has been described that are wireless, 

battery less, telemetry less and require no electrical connections.40,103–105 The small, simple 

sensors are inexpensive to fabricate (<$1) and can be configured in various sizes and shapes 

to measure parameters including force, pressure, temperature, pH and specific target 

analytes. Because of their small size and simplicity, these sensors have the potential to be 

integrated into off-the-shelf implants will little to no modification of the implant (Figure 3). 

While this technology has only been tested in simulated in vivo environments and in vitro to 

date, it shows immense promise for future smart implant applications.

Conclusion

The clinical utility of smart implants has been conclusively demonstrated, and the potential 

of the technology to affect clinical care and enable personalized medicine is vast. However, 

to date, the barriers to entry have made the use of smart implants in daily clinical practice 
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prohibitive. In 5 decades of research, the total number of permanent smart orthopedic 

implants utilized clinically in all applications is ~100 patients. However, with rapidly 

advancing technology, the widespread implementation of smart implants is near. New sensor 

technology that minimizes modifications to existing implants is the key to enabling smart 

implants into daily clinical practice.
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Figure 1. 
Orthopedic implants, such as the total knee replacement components shown left, have 

sufficient size and volume for placement of sensors (S), electronics (E) and antenna (A) 

components within.

Notes: This facilitates their modification into smart implants. Once placed in the body 

(right), radiofrequency (RF) communications facilitate data collection from the implant.
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Figure 2. 
Strain gages are mounted onto the surface of implants such as the cervical spinal interbody 

cage shown and require lead wires connecting them to signal conditioning electronics.

Note: The gages shown are 2.5 mm in width and are coated with parylene C to isolate them 

from the body.
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Figure 3. 
The technology that enables smart orthopedic implants has evolved over several decades, as 

shown in the total hip prostheses, from tethered electronics (left) to wireless systems that 

require signal conditioning electronics (E) with antennas (A) to be housed inside the implant 

(center) to passive sensors (P) that require no electronics and little-to-no modification of the 

implant (right).
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Figure 4. 
When a fracture is treated with open reduction and internal fixation, forces applied through 

the bone are transmitted through the plate.

Notes: As shown in the tibia, initially, the fracture is not capable of bearing forces. However, 

as the fracture heals, the newly formed bone can bear more load, while the plate shares less 

load. In this way, monitoring forces through the plate is used as an indicator of fracture 

healing.
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