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Microprocessor Prosthetic Knees Dale Berry, CP, FAAOP Clinical Operations, Hanger Orthopedic Group, 820 North Lilac Drive, Suite 110, Golden Valley, MN 55422, USA



During the 1970s, research in the ﬁeld of computerized knee joints began in the university environment. In the late 1980s and early 1990s, various prosthetic companies began working on the ﬁrst commercial microprocessor controlled knee joints. The initial computerized designs focused on having the microprocessor control and inﬂuence the swing phase of gaitdthe time of gait that begins when the foot leaves the ﬂoor as the knee is ﬂexing and ends when that same foot contacts the ground again at heel-strike. These initial systems received mixed acceptance within the health care and amputee community because although the knees increased walking speed and improved the ability to change walking speeds quickly, the knees did not provide any improvement over existing technology with regard to stability and security during stance phase of gaitdthe time when the prosthetic foot is in contact with the ground from heel-strike to toe-oﬀ. In the late 1990s, new models of microprocessor knees were introduced to the market that provided swing phase control with the addition of stance phase control [1,2]. This improvement dramatically increased the acceptance and application of this technology as it addressed the stability and functional needs of transfemoral amputees with regard to performing activities of daily living (Table 1) [3,4]. The primary beneﬁts of the microprocessor swing and stance control knee mechanism is to improve the overall balance of the wearer and provide a higher degree of conﬁdence and reliance with the prosthetic knee [5–7]. The wearer has conﬁdence to walk down ramps and stairs step over step, traverse uneven terrain, and walk with variable cadence and has the freedom to pursue a normal and active lifestyle without having to concentrate on each and every step with the prosthesis to perform activities of daily living.



E-mail address: [email protected] 1047-9651/06/$ - see front matter Ó 2006 Elsevier Inc. All rights reserved. doi:10.1016/j.pmr.2005.10.006 pmr.theclinics.com



92



BERRY



Table 1 Activities of daily living Activity of daily living



Microprocessor knee design feature



Walk with variable cadence (change walking speeds)



The microprocessor monitors and assesses the ambulatory moments of the prosthesis at a rate of 50–1000 times/s. The knee senses changes in gait speed in real time and makes immediate and necessary adjustments to the ﬂexion and extension resistance to ensure optimal stability and knee movement regardless of gait speed. The knee instantaneously self-adjusts to enable secure and natural gait patterns from a very slow gait to high-speed walking and running Gait with a microprocessor knee is more natural, symmetric, and energy eﬃcient owing to the knee continuously monitoring and adjusting to gait speed, ground conditions, and stability requirements. The microprocessor readjusts the ﬂexion resistance during stance phase to nearly eﬀortless knee bending to initiate pre swing in less than 1/10 of a second to provide a smooth natural knee motion during swing phase. Reduced energy consumption prolongs the time it takes the muscles to fatigue The microprocessor continually monitors ambulatory moments of the prosthesis and immediately identiﬁes and reacts to unnatural or inappropriate knee and ankle movements, strain, or stress. Within 1/10 of a second after identifying an unnatural movement or strain, the knee is adjusted to maximum stance resistance to ensure the knee is providing optimal stability for the situation The stance ﬂexion-yielding rate can decelerate the prosthesis while descending stairs. The microprocessor stance control and stumble recovery settings or speciﬁc yield settings programmed for stairs descent provide optimal resistance for decelerating knee ﬂexion to enable step-over-step descending of stairs Advanced stumble recovery and ramp descent detection sensors, combined with the stance ﬂexion design, enable the wearer to initiate heel strike during the gait cycle with the knee in a natural and ﬂexed position. This feature with ‘‘ﬂexion dampening’’ mimics the normal gait cycle of the anatomic knee even during ramp descent Independent software-modulated control of swing phase ﬂexion resistance, adjusted at rates from 50–1000 times/s, means that the artiﬁcial limb identiﬁes additional loads and the change in the overall center of gravity created by the additional load and provides the appropriate and optimal stability With the computer continually assessing gait and walking conditions, the person does not need to control continuously and consciously all movements of the knee with muscular control. This contributes to a signiﬁcant reduction in overall energy consumption regardless of ground conditions or gait speed



Walk long distances



Walk on uneven terrain (gravel, grass, curbs)



Descend stairs



Descend ramps



Carry or lift items (ie, books, infant, groceries)



Walk in public areas or crowds
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Table 1 (continued ) Activity of daily living



Microprocessor knee design feature



Getting in and out of a car



The microprocessor knee allows the person to bear weight on the prosthesis while in a ﬂexed position. This signiﬁcantly reduces strain and stress on the lower back and sound limb. It also reduces the dependence on the upper limbs to support the body while entering or exiting a car The microprocessor knee allows the person to bear weight on the prosthesis while in a ﬂexed position. This resistance greatly reduces the stress and strain on the sound limb and lower back. The wearer can use both lower limbs to achieve a seated position The microprocessor is designed to allow the individual to bear weight on the prosthesis while in a ﬂexed position that mimics the knee position of a sound limb in a stationary or standing position. This enables the wearer to maintain normal hip and low back skeletal and muscular posture



Bending and sitting



Stationary standing



How microprocessor knees work In a sound limb during swing phase, the muscles of the thigh control the angular motion at the knee joint in ﬂexion and extension. During normal human locomotion, the muscles of the thigh react with diﬀerent intensities of contraction when changes in gait speed occur. During stance phase, the muscles of the lower limb contract to prevent the knee from collapsing and to inﬂuence the lower limb joints to maintain forward momentum of the body. At a higher gait speed, the muscles contract with greater intensity to move the limb at a faster rate. At a lower gait speed, a less intense contraction is needed to move the limb at a lower speed. With a prosthetic knee joint, the ability to control the ﬂexion/extension speed and resistance of the knee is achieved with a ﬂuid control system; pneumatic or hydraulic valves provide resistance to ﬂuid ﬂow and control the ﬂexion and extension speed at the knee. Nonmicroprocessor knees are designed with valves that require a manual adjustment and are set by the prosthetist during the ﬁtting process of the prosthesis. The challenge presented with this style of mechanical knee mechanism is that the knee cannot assess the person’s gait pattern to make immediate or dramatic adjustments that may be necessary to accommodate changes in walking speed and environmental obstacles during normal locomotion. Microprocessor knees use the same fundamental hydraulic and pneumatic ﬂuid control systems that are integrated with nonmicroprocessor knees. Instead of manually adjusted settings within the knee to accommodate a wide variety of activities of daily living, the microprocessor knee uses a series of sensors to monitor the knee position and function and performs immediate and necessary ﬂexion and extension resistance adjustments to ensure the knee is maintained in the optimal setting for the wearer [8].
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Microprocessor knees use sensors and electronic monitoring systems to analyze the patient’s gait pattern continuously to control the resistance to knee ﬂexion at diﬀerent gait speeds [9]. Proper foot clearance and timing are ensured during swing phase. If the knee ﬂexion speed is low, the sensors input the readings into the microprocessor. The microprocessor calculates the optimal settings and automatically adjusts the valve controls in the knee to the appropriate resistance. This technology requires an energy source to power the sensors, microprocessor, and Servo motors that adjust the valves. Lithium ion battery technology provides a small reliable power source that requires recharging on a regular basis. Although some styles of microprocessor knees have a battery that can last 15 days between recharging, it is recommended that the wearer habitually charge the knee once a day to ensure the knee is always fully charged at the beginning of a day. The onboard computer of the microprocessor knee collects data from two separate sensors within the prosthesis at a rate of 50 to 1000 times/s. The ﬁrst set of sensors monitors the knee angle position, by taking repetitive readings of the knee ﬂexion angle: The computer can determine if the knee is ﬂexing or extending, or if the readings are constant, the computer determines if the knee is stationary. The second set of force sensors measures the amount of rotational stress or force applied below the knee during gait. During heel-strike, a plantar-ﬂexion moment is applied to the foot, which creates an anterior rotational force, and conversely, toe-oﬀ creates a dorsiﬂexion moment that generates a posterior rotation force (Fig. 1). The data collected from the knee angle sensor and the force sensors are processed and analyzed by the microprocessor continuous gait assessment function (also referred to as gait assessment algorithms). This function



Fig. 1. Ankle and knee rotational forces. At heel-strike, the foot experiences an anterior rotation force creating a plantar ﬂexion inﬂuence. At toe-oﬀ, the foot experiences a posterior rotational moment creating a dorsiﬂexion inﬂuence. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)
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examines the data and determines if the knee angle position and forces applied about the knee or foot are within appropriate parameters for normal human gait. Based on the knee position and applied forces, the microprocessor can identify whether the wearer is in swing phase or stance phase. The system also can identify changes in gait speed, determine if the wearer is on stairs, ramps, or uneven terrain; is stationary; or is taking an unnatural step and is about to fall or stumble. From the data collected by the sensors and the analysis of the information by the continuous gait assessment function, the microprocessor knee is able to adjust the knee function within 1/100 of a second to increase or decrease the knee resistance to ensure the knee is in the optimal stability and functional setting for the wearer at all times. The angle of knee ﬂexion is regulated to mimic the knee more closely during normal gait at varying walking speeds. This ability to change the ﬂuid resistance automatically during gait enables the individual to mimic the normal human function of increased or decreased muscle contraction intensity. Gait is more natural. With the microprocessor knee, the wearer can maintain active control of the knee during stance phase. Microprocessor controlled knee joints have various control programs and sensors that continuously detect which part of the gait cycle the wearer is in and predicts when stance phase will be initiated. The computer system uses force sensors to assess the gait patterns at a rate of 50 to 1000 times/s and can make instantaneous adjustments to the knee action and resistance to ﬂexion. When stance phase is initiated, the microprocessor ensures that resistance to knee ﬂexion is high so that the knee does not collapse during stance phase. Security is enhanced by decreasing the risk of falling. Also, the need for physiologically unsound compensatory movements during walking is reduced. A microprocessor-controlled knee joint can detect movements that are not part of the normal gait pattern. It can activate a higher resistance to ﬂexion, helping to prevent a fall and potential injury. In this way, the microprocessor-controlled knee joint can provide greater security and stability for the individuals on many diﬀerent types of terrain and with activities of daily living. What microprocessor knees do The fundamental design of the microprocessor knee is to enable a transfemoral amputee the ability to accomplish activities of normal daily living with security and safety, while reducing the degree of stress to the sound limb and other joints related to ambulation [10]. The primary focus is to provide a safe and functional prosthetic device to react and respond to the patient’s gait pattern in swing and stance phase of human gait (Fig. 2). The increase in energy requirements can be the limiting factor in ambulation for an amputee. An individual who has a lower extremity amputation and requires a walker or crutches to ambulate uses 65% more energy than
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Fig. 2. Normal human locomotion. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



an individual with two sound limbs and normal gait. Increased levels of energy consumption (percentage above normal) vary widely by amputation level, as follows [11,12]:    



Below the knee unilateral amputationd10% to 20% Below the knee bilateral amputationd20% to 40% Above the knee unilateral amputationd60% to 70% Above the knee bilateral amputationdgreater than 200%



Energy consumption is less with a below the knee amputation than ambulating with crutches [13,14]. Ambulating with an above the knee amputation requires more energy, however, which makes the cardiopulmonary status of the patient more signiﬁcant. It is essential to appreciate the speciﬁc inﬂuence of the microprocessor knee on each aspect of gait and normal activities of daily living. Heel-strike and stance ﬂexion At the instance of heel contact, the momentum of the body and rotational forces acting on the knee and foot naturally forces the knee into ﬂexion (Fig. 3). On the sound limb, the ﬂexion moment at the knee is counteracted with a controlled quadriceps contraction to prevent the knee joint from collapsing. The knee undergoes 5 to 7 of knee ﬂexion after heel-strike (some studies have shown that the degree of stance knee ﬂexion can peak at 20 ) [15]; this stance ﬂexion moment serves to cushion the impact of weight bearing to the skeletal system and aids a smooth transition between swing and stance phase. For an individual with a transfemoral amputation, there is no direct muscle connection to the knee to prevent the prosthetic knee from ﬂexing and collapsing. With a nonmicroprocessor knee, the wearer is required to secure the knee in a safe position by actively contracting the hip extensors to ‘‘pull back’’ or extend the residual limb within the socket to force the prosthetic knee into extension. This motion maintains the knee in full extension and prevents it from buckling. Although this motion may prevent collapse of the knee joint, it eliminates the stance ﬂexion motion and creates a negative
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Fig. 3. Stance ﬂexion. The moment after heel-strike, in normal gait the knee ﬂexes 5 to 7 . This ﬂexion serves to lessen the impact of weight bearing to reduce strain and stress to the knee, hip, and lower back. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



inﬂuence on a normal gait pattern and can add stress to the lower back and hip joint. The microprocessor knee monitors the rotational stress at the ankle and the ﬂexion angle of the knee and is able to identify the moment of heel contact during the gait phase. On contact of the heel on the ﬂoor, the instant the foot starts to proceed in a plantar-ﬂexion moment and the knee starts to ﬂex, the continuous gait assessment function immediately (within 1/100 of a second) directs the knee electronics to adjust knee ﬂexion resistance to provide for 5 to 7 of controlled knee stance ﬂexion before ramping up the resistance to prevent the knee collapsing. This adjustment provides for a smooth and natural transition as the wearer bears weight onto the prosthesis when proceeding to mid-stance. Mid-stance At mid-stance, the prosthetic knee supports the entire weight of the wearer, and it is imperative that the knee is in the highest degree of resistance to ﬂexion. In addition, the forces at the ankle transition from an anterior rotational moment (plantar ﬂexion) to a posterior rotational moment (dorsiﬂexion). The microprocessor sensors monitor the knee ﬂexion angle and the forces about the knee or ankle to ensure that the optimal knee ﬂexion resistance settings are maintained to ensure the knee does not ﬂex or
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collapse during this crucial phase of gait. The knee sensors also can assess a change in the weight and stress applied to the knee if the wearer picks up a heavy package. The microprocessor immediately recognizes the additional load and adjusts the knee resistance to provide greater knee ﬂexion resistance to ensure the knee does not collapse under the combined weight of the wearer and the additional load. Toe-oﬀ At the instant of toe-oﬀ, the microprocessor assesses if a set of ‘‘rules’’ have been met and determines if the system will transition control of the knee from the microprocessor stance controller to the microprocessor swing controller. Depending on the model and style of microprocessor knee, the computer must monitor three separate criteria before the transition from stance to swing can occur: The knee must be in full extension, 20% or less of the average maximum load on the prosthesis must be applied, and the knee must have zero angular velocity. When these criteria are met, the knee recognizes that the conditions are appropriate for normal gait, and the wearer is transitioning from stance phase to swing phase. During normal gait, the degree of heel rise and knee ﬂexion is related directly to walking speed. For slow cadence, the knee undergoes a small degree of ﬂexion at toe-oﬀ, and the heel lifts oﬀ the ground a small amount. At a very fast pace, the knee undergoes a much higher degree of ﬂexion, and the heel swings up quickly and to a much greater distance. For the prosthetic wearer, when the knee transitions to the microprocessor swing control, the knee immediately reduces the resistance to knee ﬂexion to enable a controlled and natural ﬂexion of the knee to enable a natural and smooth heel rise from the ﬂoor. The microprocessor calculates the gait speed of the wearer based on the knee ﬂexion speed, and it controls the degree of knee ﬂexion to ensure the knee ﬂexes the correct amount for the gait speed to provide an appropriate degree of heel rise. Mid-swing When the knee has completed the ﬂexion motion after toe-oﬀ, it immediately transitions into an extension moment to extend the prosthetic foot forward for the next step quickly and eﬃciently. The microprocessor monitors and adjusts the knee’s resistance to extension to ensure the knee swings forward at a speed relative to the wearer’s gait speed to ensure the foot is in place for heel contact and weight bearing [16]. If the wearer is walking fast or running, the knee must swing quickly to ensure it is in the proper position for heel contact; for slower walking, the knee must swing at a lower speed. At the end of swing phase, just before heel contact, the knee must decelerate rapidly into a fully extended position. In a sound limb, the hamstring muscles provide a controlled contraction to decelerate the extending knee, while the quadriceps maintain a contracted position to prevent rapid knee
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ﬂexion at heel contact. For an above-knee amputee, these muscle groups do not have any attachment to the knee joint, and the prosthetic knee must control the knee as stance phase initiates. The microprocessor continuous gait assessment function adjusts the knee extension damping feature, which controls the deceleration of the knee before heel-strike and establishes the criteria for the knee to convert from swing phase back to stance phase. The knee calculates the extension speed of the knee and determines the instant that it will hit 180 of full extension. Based on the knee extension angle and speed, the microprocessor ramps up the knee extension resistance to slow the knee down so that maximum resistance to extension is achieved at the moment of full extension [17]. The onboard swing phase computer ensures the knee is swinging at the appropriate speed regardless of the how often and how quickly the wearer changes walking speeds throughout the day. When the knee is at full extension, and the force sensors identify that there is heel contact with an anterior rotational moment at the ankle, the computer recognizes that the prosthesis is entering into stance phase and transfers control of the knee over to the microprocessor stance controller. Sitting and standing A challenge for prosthetic wearers is that they have only one limb to lower themselves into a chair (Fig. 4). This situation adds signiﬁcant stress and



Fig. 4. Sitting and standing with a prosthetic knee. A microprocessor knee provides optimal resistance to knee ﬂexion to reduce strain and stress to the sound side knee, enabling the amputee to lower slowly and under control into a seated position. For standing, the microprocessor knee provides no resistance to extension with maximum ﬂexion resistance. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)
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strain on the sound limb and introduces rotational forces at the hip, spine, and shoulders because the individual cannot lower himself or herself squarely into a chair using the resistance and control of two sound limbs. For a bilateral amputee wearing a nonmicroprocessor knee, sitting into and getting out of a chair are extremely diﬃcult and precarious; in the absence of muscular control of anatomic knees and hence lacking the ability to control knee ﬂexion actively, the individual must sit in a chair with arm rests and use upper body strength to lower into and rise from a chair. Microprocessor knees sense the motion of sitting and standing and adjust the ﬂexion and extension resistance of the knee valves to reduce greatly strain and stress to the sound joints of the wearer and to assist in safely and securely getting in and out of a chair. Sitting The onboard computer senses when the wearer wants to sit down based on the posterior rotational moment at the ankle combined with the slow and deliberate knee ﬂexion moment. The continuous gait assessment function adjusts the valves to maximum resistance of the knee to allow the wearer to ‘‘ride the knee down’’ to a seated position. For a unilateral transfemoral amputee, this motion greatly reduces stress and strain on the sound limb and allows the wearer to lower into the chair with even weight distribution on both feet. Bilateral amputees are able to sit into a chair without using as much of their upper body because the microprocessor sets the valves to bend with maximum knee ﬂexion resistance, allowing the wearer to be lowered slowly and safely into a seated position. Although the microprocessor knee wearer does not require arm rests to sit into a chair, it is recommended that the wearer always choose a chair with arm rests because they are required (essential for bilateral amputees) to get up out of a chair. Standing While standing, the individual uses the upper body to push out of the chair, and there is a transitional moment when the individual transfers weight from the arms to a standing position, which exposes a temporary instance of instability. The microprocessor knee sensors identify the movement of standing out of a chair and set the knee so that it has little or no resistance to extension with maximum resistance to ﬂexion. If the wearer were to lose balance while standing and put weight on the prosthesis, the knee automatically would be ready and programmed for maximum resistance and stability, preventing a fall. This is an excellent security feature for getting in and out of cars. Stairs An additional beneﬁt of microprocessor stance control lies in the support it oﬀers individuals when descending stairs step over step (Fig. 5) [18]. If an individual is to negotiate walking down stairs, the knee must provide an
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Fig. 5. Descending step with a Compact microprocessor knee. The knee sensors identify the rapid knee ﬂexion combined with a lack of resistance at the toe and adjust the valves appropriately for maximum knee resistance to enable the wearer to descend the stair or curb safely step over step. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



increased resistance to ﬂexion so that the individual can descend the stairs in a controlled manner. Without muscular control of the knee joint, the wearer has limited ability to control the speed and resistance of knee ﬂexion during weight-bearing descent of the stair. A situation is created in which the wearer must enter into a controlled fall as the prosthetic knee rapidly ﬂexes and quickly stop the downward momentum with the sound leg. When using a mechanical prosthetic knee joint, individuals with a transfemoral amputation typically must descend stairs one at a time because it is diﬃcult to control the ﬂexion of the knee for safe, consistent stair descent. When descending stairs with a microprocessor-controlled knee joint, the wearer places the prosthetic foot with forefoot hanging over the step. The knee angle sensor identiﬁes the rapid knee ﬂexion combined with a lack of resistance at the toe and determines the need for maximum knee resistance to enable the wearer to descend the stair or curb safely step over step. The knee responds immediately to the ﬂexion speed of the knee and external forces about the knee and foot to ensure optimal stability and function for stair descent. Ramps and uneven terrain Descending hills and ramps (Fig. 6) creates a signiﬁcant challenge for individuals with a transfemoral amputation because of an increased knee
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Fig. 6. Descending ramps with Otto Bock C-Leg microprocessor knee. The microprocessor quickly identiﬁes that the prosthetic knee is descending a ramp or slope; the knee is instantaneously adjusted into ramp mode to provide optimal resistance to knee ﬂexion and provide for a stable and secure gait for descending a ramp or slope. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



ﬂexion moment during stance. This increase in knee ﬂexion is due to the increase in speed and weight transfer caused by the added momentum created by walking down a slope. When walking down a ramp, the necessary primary reaction required by the knee is to reduce the momentum and provide a controlled ﬂexion moment at the instance of heel-strike. The microprocessor quickly identiﬁes that the prosthetic knee is being forced into rapid ﬂexion, and owing to the slope of the ramp, there is an absence of or delay of ﬂoor reaction to the foot. The knee is adjusted instantaneously into ramp mode to provide optimal resistance to knee ﬂexion and provide a stable and secure gait for descending a ramp or slope. The microprocessor continuously monitors the external forces and knee position to determine if any movements are outside of normal gait patterns. If the prosthesis experiences any unexpected forces or conditions that are common while walking on uneven terrain, the computer immediately initiates the stumble recovery setting to ensure the knee is adjusted to maximum ﬂexion resistance to ensure security and stability. Stationary standing When standing in a stationary position (Fig. 7) with a nonmicroprocessor knee, the wearer must maintain a focus on the position of the prosthetic
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Fig. 7. Standing mode with Endolite adaptive microprocessor knee. The microprocessor recognizes that the wearer has come to standing position and adjusts itself to provide a high degree of resistance to ﬂexion, but would allow the knee to move easily into extension. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



knee. When standing for a long time, the body’s natural response is to stand with the knee slightly ﬂexed, but to do so with a nonmicroprocessor knee would cause the knee to go into rapid ﬂexion and cause the individual to fall. With the microprocessor knee, the computer recognizes that the wearer has come to standing position and adjusts to provide a high degree of resistance to ﬂexion, but allows the knee to move easily into extension. When the wearer decides to initiate gait, the knee responds within 1/50 to 1/1000 of a second and readjusts the valves for the wearer’s activity and movement. Microprocessor knee options There are several microprocessor knee options (Table 2). C-Leg Although the C-Leg by Otto Bock (Otto Bock Health Care, Minneapolis, Minnesota) (Fig. 8) [6,16,18,19] is not the ﬁrst microprocessor knee on the market, it arguably has set the standard with regard to the function and features for a microprocessor knee. The C-Leg uses a real-time gait analysis microprocessor to monitor the movements of the wearer 50 times/s to make instantaneous adjustments to the hydraulic valve position to ensure the knee is always in the most stable and secure settings. Although the processing
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Table 2 Microprocessor knee options



Manufacturer Country of origin Characteristics Component weight Weight limit Stance control Swing control Battery Foot options Features Microprocessor stance Microprocessor swing Stance ﬂexion Second mode Heavy duty frame Rechargeable batteries



Compact



Rheo



Adaptive



C-Leg



Otto Bock Germany



O¨ssur Iceland



Endolite England



Otto Bock Germany



2.7 lb 275 lb Hydraulic Hydraulic Rechargeable



3.4 lb 200 lb Magnetorheologic Magnetorheologic Rechargeable



2.6 lb 275 lb Hydraulic Hydraulic Rechargeable



Limited



Unlimited



3.3 lb 275 lb Hydraulic Pneumatic Rechargeable or disposable Unlimited



Yes No Yes No No Yes



Yes Yes Yes No No Yes



Yes Yes Yes No Yes Yes



Yes Yes Yes Yes Yes Yes



Limited



speed of this knee is slowest of all the microprocessor speeds, the C-Leg uses a closed hydraulic cylinder system with two valves to control the knee ﬂexion and extension resistance. The C-Leg has the fastest reaction time to valve adjustments and always is maintained in stance control mode; it has active



Fig. 8. Otto Bock C-Leg microprocessor knee. The Otto Bock C-Leg knee provides microprocessor swing and stance phase controls. The C-Leg is the only microprocessor knee that provides a second mode; this enables the wearer to initiate knee functions and settings for work or recreational activities in which specialized settings or movement may be required. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)
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stance resistance by default. In the event the battery were to lose power, the knee automatically would position all the valves to a ‘‘safety’’ setting, which would enable the wearer to ambulate with the equivalent of a mechanical nonmicroprocessor knee until such time that the battery could be recharged. A 15-minute charge provides 4 hours of wearing time, and a 4-hour charge provides a full 40 hours of wearing time. The C-Leg is the only microprocessor knee that oﬀers the special feature of ‘‘second mode.’’ By loading the prosthetic toe in a unique and speciﬁc pattern (it is highly unlikely that this pattern could be done accidentally), the C-Leg microprocessor changes settings from the normal ﬁrst mode for everyday activities to the second mode for individuals who require unique knee settings for special activities. The microprocessor second mode can be programmed to enable the knee to perform in a specialized way (eg, as a free swinging knee for riding a bike, to lock after a few degrees of ﬂexion for standing at a work bench for extended periods, or to stay ﬂexed at 30 for operating heavy equipment with foot controls). Whatever the special activity required by the wearer, the certiﬁed prosthetist can program the knee to provide the optimal function in second mode. The C-Leg uses extremely sensitive distal strain gauges that are located in the distal aspect of the attachment pylon (3–8 inches distal to the knee). Because of the sensitivity of these sensors, the C-Leg must be used in conjunction with speciﬁc feet that have been calibrated to the sensors. Compact The Compact knee (Fig. 9) by Otto Bock is the second generation of the C-Leg microprocessor knee. This unique knee is designed speciﬁcally for individuals who walk at slower speeds, but require the highest degree of stability and security possible for daily activities. The microprocessor monitors the movements of the wearer 50 times/s and makes instantaneous adjustments to the hydraulic cylinder valves to ensure the knee is always in the most stable and secure resistance during walking. For walking down ramps, stairs, on uneven surfaces or in the event of an unexpected stumble, the Compact knee provides the same high degree of stability as the C-Leg. During the swing phase portion of gait, the Compact knee has an internal hydraulic mechanism that enables the wearer to change speed during walking from slow to moderate speeds. The Compact knee is ideal for individuals who require the highest degree of stability but maintain a uniform walking speed and do not walk long distances on daily basis. The Compact knee uses the same microprocessor technology and designs as the C-Leg. The Compact knee and the C-Leg are identical with regard to stability and security for stance phase. The Compact knee is a lightweight design, and the narrow body size and smooth edges provide for a wellshaped and cosmetic prosthesis. This microprocessor knee is custom designed for a speciﬁc and select prosthetic wearer. It is for the individual
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Fig. 9. Otto Bock Compact microprocessor knee. The Otto Bock Compact knee provides microprocessor stance control with manual hydraulic swing phase controls. The Compact knee is ideal for an older prosthetic wearer, who needs the highest degree of stability and security, while requiring a lower degree of variable cadence control. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



who maintains a moderate walking speed day to day; walks on uneven ground, ramps, and stairs; and requires the highest degree of stability to prevent falls in the event of a misstep. Similar to the C-Leg, the Compact uses distally positioned strain gauges and can be used only with select feet that have been calibrated for use with this knee. In the event the battery loses power, the knee defaults to a ‘‘stability’’ setting, which provides for a mechanical nonmicroprocessor gait. Although the Compact uses the same battery technology as the C-Leg, it has a longer battery life because it has only a stance microprocessor controller and does not control the swing phase with a microprocessor. A 15-minute charge provides 4 hours of battery life, and a 4-hour charge provides a full 45 hours of battery life. Adaptive The Adaptive knee (Endolite, Centerville, Ohio) (Fig. 10) [20–22] name is appropriate because it truly describes the function of this design. The microprocessor continuously monitors each step that the wearer takes to identity changes in walking speed; ground conditions, such as uneven terrain, ramps, slopes, or stairs; and the stability of the wearer. When the microprocessor registers a change in the walking pattern, the knee automatically ‘‘adapts’’ to the change and adjusts the knee settings to ensure the knee is in the most stable and appropriate setting. The Adaptive knee combines the beneﬁts of a microprocessor-controlled knee with the stability of hydraulics and the smooth natural movements
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Fig. 10. Endolite Adaptive microprocessor knee. The Endolite Adaptive knee provides microprocessor-controlled hydraulic stance control with microprocessor pneumatic swing phase control. The Adaptive knee can be integrated with any style of prosthetic foot and is ideal for high-impact activities. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)



from pneumatics. For the stance phase, the knee resistance is controlled by hydraulic ﬂuids. When the microprocessor identiﬁes a change in the gait pattern during stance, the microprocessor adjusts internal valve settings to increase or decrease the hydraulic pressure within the knee to ensure the appropriate degree of resistance to knee ﬂexion. When the knee is in swing phase of walking, the microprocessor monitors and adjusts a pneumatic system to ensure the knee has a smooth and natural motion, which reduces the amount of energy used during gait. The Adaptive knee is designed and fabricated using a carbon graphite frame, and reinforced structure makes it extremely durable and able to withstand signiﬁcant stress and strain. The force sensor of the Adaptive knee is located in the proximal aspect of the knee frame; although this reduces the sensitivity of the sensors, it increases the durability of the knee and eliminates the need of the prosthetic foot to be calibrated to the knee. The Adaptive knee can be used with any style or model of prosthetic foot from any manufacturer; this allows the wearer to enjoy the functions and features of prosthetic feet that may have been used on previous prosthetic devices. For individuals who walk long distances and walk at fast speeds, the Adaptive knee provides a smooth and natural walking motion secondary to the responsive characteristics of the pneumatic swing phase control. Because the Adaptive microprocessor is continually monitoring for a change in the wearer’s walking pattern, depending on the day-to-day activities of each
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individual, the battery life between charges can be 2 weeks. In addition to the rechargeable battery, there is a disposable battery option with the Adaptive knee. Rheo Knee The Rheo Knee (O¨ssur, Aliso Viejo, California) (Fig. 11) [23,24] uses a unique magnetorheologic actuator and dynamic learning matrix algorithm control system. With the magnetorheologic ﬂuid actuator, the Rheo Knee uses a magnetically inﬂuenced ﬂuid within the knee to vary resistance (carbyl-iron spheres suspended in oil). The knee axis is a rotary design that incorporates special magnetic ﬂuid and steel rotary blades. Resistance changes are inﬂuenced by magnetic ﬁeld strength, which is controlled by a microprocessor. The knee does not use hydraulic controls for changes in resistance, but relies on changes in ﬂuid viscosity relative to magnetic ﬁeld strength and shear forces applied to the rotary blades during knee ﬂexion and extension. Based on knee position, angular velocity, and measured loads during walking, the microprocessor determines what level of knee control is required; the microprocessor modulates the strength of the magnetic ﬁeld, which changes ﬂuid viscosity and eﬀectively increases or decreases swing and stance resistance. The knee monitors the gait pattern at a rate of



Fig. 11. O¨ssur Rheo microprocessor knee. The Rheo Knee provides microprocessor swing and stance phase controls by using a unique magnetorheologic actuator. The knee axis is a rotary design that incorporates special magnetic ﬂuid and steel rotary blades. Resistance changes are inﬂuenced by magnetic ﬁeld strength, which is controlled by the microprocessor. (Courtesy of Hanger Orthopedic Group, Inc., Bethesda, MD.)
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1000 times/s, which is necessary because the knee relies on a constant inﬂuence from the microprocessor to provide ﬂuid viscosity changes with respect to ﬂexion and extension resistance. The Rheo Knee microprocessor uses the dynamic learning matrix algorithm to monitor the person’s walking patterns constantly. Selected program controls rely on goals versus ﬁxed settings. The computer targets the goal set in the computer and constantly optimizes swing phase settings to meet the goal eﬃciently. The magnetorheologic actuator allows for a smooth, natural, and highly eﬃcient gait secondary to reduced ﬂuid drag characteristics compared with hydraulics; this allows for extremely easy initiation of knee ﬂexion during preswing. For walking long distances or at higher walking speeds, the Rheo Knee provides eﬀortless motion, which reduces energy consumption and provides a more natural and enjoyable walking experience. The Rheo Knee contains strain gauge sensors in the main body of the knee and is adaptable to any style or model of prosthetic foot, allowing the wearer to enjoy the functions and features of prosthetic feet that may have been used on previous prosthetic devices. Although the Rheo Knee is the heaviest of all the microprocessor knee designs, most of the weight is from the magnetic ﬂuid, which is distributed in the knee axis at the top of the knee. With most of the weight being located close to the knee center and close to the residual limb, combined with the smooth natural action of the Rheo Knee, there is little negative eﬀect from functional weight of the Rheo Knee compared with other microprocessor knees.



Microprocessor knee patient selection If an individual is unable to ambulate or lacks the ability to function with a nonmicroprocessor knee, there is little chance that he or she would be able to ambulate and beneﬁt from the features and functions of a microprocessor knee. The microprocessor does not ‘‘create’’ stability, security, and function for the wearer, and it is imperative to recognize that a microprocessor knee cannot bestow ambulation and functional capabilities for the wearer. The microprocessor knee does provide, however, the wearer with the optimal degree of functional prosthetic settings and adjustments to maximize the responsiveness and reliability of the prosthesis. A detailed clinical assessment and evaluation to identify proper patient selection is essential to achieve optimal success with the microprocessor knee. Indications for use of the microprocessor-controlled knee include the following [25,26]:  Medicare level K3 (Box 1)dunlimited community ambulator  Medicare level K4dactive adult or athlete, who has the need to function as a K3 level in daily activities
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 Select Medicare level K2dlimited community ambulator. Patient can be considered only if improved stability in stance permits increased independence, less risk of falls, and potential to advance to a less restrictive walking device, and patient has cardiovascular reserve, strength, and balance to use the prosthesis. The microprocessor enables ﬁne-tuning and adjustment of the knee mechanism to accommodate the unique motor skills and demands of the functional level K2 ambulator.  Adequate cardiovascular and pulmonary reserve to ambulate at variable cadence  Adequate strength and balance to stride to activate the knee unit  Adequate cognitive ability to master technology and gait requirements of device  Hemipelvectomy through knee-disarticulation level of amputation, including bilateral lower extremity amputees, who are candidates if they meet functional criteria as listed  Patient is an active walker and requires a device that reduces energy consumption to permit longer distances with less fatigue  Daily activities or job tasks that do not permit full focus of concentration on knee control and stabilitydsuch as uneven terrain, ramps, curbs, stairs, repetitive lifting or carrying  Potential to lessen back pain by providing more secure stance control, using less muscle control to keep knee stable  Potential to unload and decrease stress on remaining limb  Potential to return to an active lifestyle New amputees may be considered if they meet certain criteria as just outlined. Physical and functional ﬁtting criteria for new amputees include the following:    



Premorbid and current functional assessment important Requires stable wound and ability to ﬁt socket Immediate postoperative ﬁt is possible Must have potential to return to active lifestyle



Contraindications for use of the microprocessor knee are as follows:  Medicare level K0 (see Box 1)dno ability or potential to ambulate or transfer  Medicare level K1dlimited ability to transfer or ambulate on level ground at ﬁxed cadence  Medicare level K2dlimited community ambulator who does not have the cardiovascular reserve, strength, and balance to improved stability in stance to permit increased independence, less risk of falls, and potential to advance to a less restrictive walking device  Any condition that prevents socket ﬁtting, such as a complicated wound or intractable pain that precludes socket wear  Inability to tolerate the weight of the prosthesis



MICROPROCESSOR PROSTHETIC KNEES



        



111



Inability to use swing and stance features of the knee unit Poor balance or ataxia that limits ambulation Signiﬁcant hip ﬂexion contracture (O20 ) Signiﬁcant deformity of remaining limb that would impair ability to stride Limited cardiovascular or pulmonary reserve or profound weakness Limited cognitive ability to understand gait sequencing or care requirements Long distance or competitive running Patient weight or height that falls outside of recommended guidelines of manufacturer Speciﬁc environmental factorsdsuch as excessive moisture or dust, or inability to charge the prosthesis



Future of microprocessor knees The next step in integrating microprocessor technology is to provide active and functional motors to create movement, stability, and function for Box 1. Medicare functional levels K0dLower extremity prosthesis functional level 0. Does not have the ability or potential to ambulate or transfer safely with or without assistance, and a prosthesis does not enhance the quality of life or mobility K1dLower extremity prosthesis functional level 1. Has the ability or potential to use prosthesis for transfers or ambulation on level surfaces at fixed cadence; typical of a limited and unlimited household ambulator K2dLower extremity prosthesis functional level 2. Has the ability or potential for ambulation with the ability to traverse low-level environmental barriers, such as curbs, stairs, or uneven surfaces; typical of a limited community ambulator K3dLower extremity prosthesis functional level 3. Has the ability or potential for ambulation with variable cadence; typical of a community ambulator who has the ability to transverse most environmental barriers and may have vocational, therapeutic, or exercise activity that demands prosthetic use beyond simple locomotion K4dlower prosthesis functional level 4. Has the ability or potential for prosthetic ambulation that exceeds the basic ambulation skills, exhibiting high impact, stress, or energy levels, typical of the prosthetic demands of a child, active adult, or athlete
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Fig. 12. O¨ssur Experimental Microprocessor Power Knee. The microprocessor on the O¨ssur Power Knee collects gait data from the prosthetic limb and from a stress footplate within the shoe on the sound side. The microprocessor applies advanced algorithms to assess and predict the optimal movement, position, and stability setting for the prosthetic knee and uses motors in the prosthetic knee to power the knee during gait. (Courtesy of O¨ssur, Inc., Aliso Viejo, CA.)



transfemoral amputees. High-speed miniaturized processors are capable of collecting data from numerous sensors from the prosthetic knee and monitoring gait data from pressure-sensitive footplates inserted in the shoe of the sound side. While the prosthetic foot is in swing phase and the sound foot is in stance phase, the sensor data collected from the sound foot are transmitted to the microprocessor in the prosthetic knee. The microprocessor applies advanced algorithms to assess and predict the optimal movement, position, and stability setting for the prosthetic knee. The system applies a combination of hydraulics and miniaturized motors within the prosthetic knee to enable the wearer to walk up stairs step over step (Fig. 12). Subjects included in the early stages of development of the powered prosthesis reported reduced fatigue and performance improvement (increase in walking distance) for level ground walking. Future research will need to evaluate whether these subjective ﬁndings can be supported by objective measurement of activity and energy consumption. References [1] Computerized prosthesis revolutionizes treatment for amputees. Available at: www.health. uab.edu. Accessed April 1, 2004. [2] Michael JW. Modern prosthetic knee mechanisms. Clin Orthop 1999;361:39–47.
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