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René Fluit , Erik C. Prinsen , Shiqian Wang , and Herman van der Kooij, Member, IEEE

Abstract—Goal: To provide an overview of control strate-
gies in commercial and research microprocessor-controlled
prosthetic knees (MPKs). Methods: Five commercially avail-
able MPKs described in patents, and five research MPKs
reported in scientific literature were compared. Their work-
ing principles, intent recognition, and walking controller
were analyzed. Speed and slope adaptability of the walk-
ing controller was considered as well. Results: Whereas
commercial MPKs are mostly passive, i.e., do not inject en-
ergy in the system, and employ heuristic rule-based intent
classifiers, research MPKs are all powered and often utilize
machine learning algorithms for intention detection. Both
commercial and research MPKs rely on finite state machine
impedance controllers for walking. Yet while commercial
MPKs require a prosthetist to adjust impedance settings,
scientific research is focused on reducing the tunable pa-
rameter space and developing unified controllers, indepen-
dent of subject anthropometrics, walking speed, and ground
slope. Conclusion: The main challenges in the field of pow-
ered, active MPKs (A-MPKs) to boost commercial viability
are first to demonstrate the benefit of A-MPKs compared
to passive MPKs or mechanical non-microprocessor knees
using biomechanical, performance-based and patient-
reported metrics. Second, to evaluate control strategies and
intent recognition in an uncontrolled environment, prefer-
ably outside the laboratory setting. And third, even though
research MPKs favor sophisticated algorithms, to maintain
the possibility of practical and comprehensible tuning of
control parameters, considering optimal control cannot be
known a priori. Significance: This review identifies main
challenges in the development of A-MPKs, which have thus
far hindered their broad availability on the market.

Index Terms—Knee prosthesis, intent recognition, walk-
ing controller, speed adaptation, slope adaptation.

I. INTRODUCTION

M ICROPROCESSOR-CONTROLLED Prosthetic knees
(MPKs) are state-of-the-art medical devices that use
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sensory information to offer auto-adaptive control of the joint
movement on a real-time basis, thereby attempting to simu-
late normal biological knee function for transfemoral amputees
(TFAs). Two types of MPKs can be distinguished, namely pas-
sive (variable damping) knee prostheses (P-MPKs) and active
(powered) prosthetic knees (A-MPKs).

In contrast to mechanical non-microprocessor knees
(NMPKs), P-MPKs allow the prosthetic user to adjust walking
speed [e.g., [1]] and negotiation of stairs and ramps [e.g., [2]–
[4]] by adjusting the knee impedance. Additionally, A-MPKs
enable the amputee to perform more energy-demanding tasks
with less effort than P-MPKs, such as getting up from a chair [5]
and step-over-step stair ascent [6]. Yet, with sufficient training,
TFAs can perform these tasks using P-MPKs as well [3], [5].

Many studies have investigated the effects of P-MPKs on
kinematics and kinetics for multiple activities of daily living
(ADLs), safety and quality of life with respect to NMPKs (for
a review, see [7]). Due to differences in given accommodation
time, type of prosthetic knees (P-MPKs and NMPKs) and patient
etiology and K-level (see [8] for details on K-level classifica-
tion), general statements regarding the benefit of P-MPK cannot
be made indisputably [7]. No consensus is found in studies in-
vestigating the advantages of A-MPKs with respect to P-MPKs
either [2], [5], [9]–[12].

Although scientific literature is inconclusive in the benefits
of MPKs, the implemented control strategy is considered the
most critical element in the functional performance of these
devices [13]. The control system is paramount for the natural
functioning of the prosthesis, since it has to react adequately
to the amputee’s intent in an intuitive, safe and synergistic way
[14]. The user on the other hand, has to trust and rely on the
prosthesis to fully benefit from its dynamic control. An overview
of control strategies in lower limb prosthesis has been provided
by several recent review articles. Berry, for example, has pro-
vided a general overview of microprocessor prosthetic knees
[15], yet in-depth information on control strategies is lacking.
Jiménéz-Fabián and Verlinden have mentioned control strate-
gies of passive and active ankle-knee prostheses, but their focus
was largely on ankle prostheses [16]. A couple of reviews have
mainly described actuator design issues [17], [18] and corre-
sponding control strategies [19]. Other reviews have focused on
control aspects of knee prostheses but have not included com-
mercial devices [14], [20]. It is apparent that a clear overview
of control strategies used in MPKs is lacking.

Ankle/foot prostheses are not considered in this review. Com-
mercially available active ankle prostheses such as the Otto Bock
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emPOWER [21], [22] or Össur Proprio Foot [23] already mimic
the ankle in a satisfactory way. In particular the emPOWER is
an exquisite example of knowledge transfer from academia to
the commercial market. Unfortunately, such examples do not
exist for A-MPKs.

Therefore, the present work provides an overview and
comparison of working principles and implemented control
strategies in MPKs. Other than previous literature, this review
includes both research MPKs, as disseminated in scientific
literature, and commercially available MPKs, as documented
in patents and online available user guides. The goal of such
a review is to identify the main challenges in the development
of A-MPKs to enhance commercial exploitability of research
in this field.

II. METHODS

A. Scope of Review

This review presents a comparison of control strategies be-
tween a subset of research and commercial MPKs in terms of
working principles, intent recognition, walking controller and its
corresponding adaptability to walking speed and ground slope
(Section III.A–III.D). To provide a more complete overview,
other control approaches to speed and slope adaptability recently
reported in literature are investigated as well (Section III.E). The
results are interpreted in the discussion (Section IV), which fol-
lows the same structure as the result section.

B. Patent Search for Commercial MPKs

Patents are categorized by IPC (International Patents Classifi-
cation). The relevant IPC for a search on commercial prosthetic
knee devices is A61F2, covering amongst others “prostheses,
i.e., artificial substitutes or replacements for parts of the body”.
All patents with IPC A61F2/64 (knee joints) and A61F2/68 (op-
erating or control means) containing the word “control∗” in the
abstract, title, claims or description field, filed after 01-01-2003
were included in this review. The search was executed using
https://patents.google.com/ and resulted into 198 patents. Based
on the abstract, claims and figures, 36 patents were considered
to be relevant for this review.

Based on the contents of these patents, five commercially
available prostheses were included in this review:

1) Orion (3 relevant patents), Blatchford (United Kingdom)
2) Plie (3 relevant patents), Freedom Innovations (USA)
3) Rheo Knee (3 relevant patents), Össur (Iceland)
4) Power Knee (6 relevant patents), Össur (Iceland)
5) Genium (4 relevant patents), Otto Bock (Germany)

C. Patents as a Source of Technical Information

Patents have been mostly ignored in previous reviews on
lower limb prosthesis (e.g., [14]–[20]) and are generally consid-
ered a less reliable source of information than scientific papers
in a journal. Using patents as an effective and accessible source
of information requires understanding of their structure and the
reasons for the way they are written [24].

Patents are a legal territorial document between a government
as grantor and an inventor as grantee to protect a new technical

solution to a problem. It is filed at a patent office by an attor-
ney, who drafts a patent specification based on a description of
the inventor or a demonstration or prototype of the invention.
Around two years later, one or more patent examiners review
the application, and after some rounds of argument the patent is
granted if it complies with the laws of the office concerned [25].

Patents differ in structure, contents and language from scien-
tific papers. First, patent disclosures are broadened to include all
variations of the invention to protect all possible ways in which
the invention might be applied. This may results in speculative
claims or embodiments which have not been scientifically val-
idated. As a consequence, the degree to which art laid out in
a patent is explicitly implemented in a product is not always
clear. Secondly, patent disclosures often omit a discussion on
the reasons why the invention is effective to prevent limitations
on the scope of the claims.

Another difficulty is that patents are not always linked to
a specific device. For example, the patents filed by Otto Bock
were considered to be linked to the Genium, but the same control
strategies covered in these patents may be implemented in the
C-leg as well. One could argue to use the filing date of the
patent to differentiate between these prostheses, but this would
assume no knowledge transfer between different generations of
prostheses.

Technical information in patents regarding control strategies
has been carefully extracted and incorporated in this review, but,
considering the above, may not necessarily be utilized by the
MPK concerned.

D. Literature Search for Research MPKs

Many research groups have developed their own A-MKP. In
a recent review of Pieringer et al. [17], 21 research A-MPKs
were identified. Only four of these A-MPKs have implemented
multiple tasks other than walking and have reported adequately
on their control strategies. These A-MPKs are included in this
review:

1) Vanderbilt prosthesis [26], Vanderbilt University (USA)
2) CYBERLEGs-Beta [27], Vrije Universiteit Brussel

(Belgium)
3) Myoelectric prosthesis [28], Clarkson University (USA)
4) NREL-A1 [29], [30], University of Rhode Island (USA)

Additionally, the CSEA (clutchable series-elastic actuator)
[31], Massachusetts Institute of Technology (USA) was included
in this review. Although the CSEA has only been tested for
walking, the control strategy mentioned in U.S. patent 9 737
419 B2 [32] considers intent recognition and control of multiple
ADLs as well.

Thus, in total 10 MPKs are considered in this review, of which
6 are A-MPKs and 4 P-MPKs (only commercial devices).

III. RESULTS

A. Working Principles

The working principle depends on, among others, the avail-
able sensors, actuator design, control strategies and sensory
feedback. Table I and Table II provide an overview of the

https://patents.google.com/
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TABLE I
OVERVIEW OF WORKING PRINCIPLES OF COMMERCIAL MPKS

aBW = backwards walking; C = Cycling; K = kneeling; KL = knee lock; S = sitting; SA = stair ascent; SD = stair descent; St = standing; SR = Stumble recovery; R =
running; RA = ramp ascent; RD = ramp descent; UM = User-defined mode; W = level ground walking.
bPower Knee I also included an instrumented shoe for the sound leg, which later was omitted in the Power Knee II.
FSM = finite state machine; HRB = heuristic rule-based approach; IMU = inertial measurement unit (accelerometers and gyroscopes); K = knee; SEA = series-elastic
actuator.

working principle of the included commercial and research
MPKs respectively. The reported characteristics are

� Type: indicates whether the device considered is an A-
MPK or P-MPK and which joints are involved (A/K: ankle
and knee; K: only knee)

� Actuator: reports the type of actuation or damping mech-
anism

� Energy storage: denotes the energy-storing element if
present

� Sensors: identifies the available sensors or their related
physical quantity

� Control signals: identifies variables which are directly
controlled by the MPK’s microprocessor

� Walking controller: indicates the control approach used to
perform walking

� Modes: sums up all ADLs which have a specific control
mode. For generalization purposes, activity modes such
as ‘forward progression’ were interpreted as walking.

� Intent recognition: describes the algorithm used to recog-
nize human motion intent

� Sensory feedback: sums up the available sensory feedback
provided to the user

� Settings of prosthesis: describes what variables a pros-
thetist can adjust to fit the MPK to the user. This does not
include the mechanical fitting of the prosthesis.

B. Intent Recognition

Intent recognition uses sensory information to differentiate
between activity modes that require a specific controller. The
most simple and pragmatic implementation, based on threshold-
ing of available sensory information, is a heuristic rule-based
(HRB) approach. This approach is used by all of the commer-
cial MPKs (see Table I), as well as the CYBERLEGs-Beta
[54]. A comparison of transition rules used in HRB approaches
for different modes and different MPKs is cumbersome: no
information was found for the Plie, the Rheo Knee does not
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TABLE II
OVERVIEW OF WORKING PRINCIPLES OF RESEARCH MPKS

aS = sitting; SA = stair ascent; SD = stair descent; St = standing; R = running; RA = ramp ascent; RD = ramp descent; W = level ground walking.
bOnly tested in able-bodied subjects performing non-weight bearing knee motion tracking tasks [60].
A/K = ankle and knee; COP = center of pressure; DC = direct current; DST = Dempster-Shafer theory; EC = electronically communicated; FSM = finite state machine; GMM
= Gaussian mixture model; GRFs = ground reaction forces; HMM = hidden Markov model; HRB = heuristic-rule based; IMU = inertial measurement unit (accelerometers and
gyroscopes, for CYBERLEGs-Beta magnetometers too); K = knee; MACCEPA = mechanically adjustable compliance and controllable equilibrium position actuator; SVM = support
vector machine; SEA = series-elastic actuator.

transition between different tasks or activities but rather transi-
tions between swing or stance flexion and extension resistance
modes [41], and for the Genium, only a few qualitative transition
rules were found [55].

MPKs without an IMU typically employ rules that compare
axial force, knee angle or torque to those at the subject’s nor-
malized walking speed. For example, in older generations of
the Orion, ramp descent (RD) mode was detected by an in-
creased knee load during stance and stair descent (SD) mode
was detected by an increased peak knee angle during swing and
increased swing duration compared to values at normal walking
[33]. All of the latest generation of commercial MPKs included
in this review are equipped with an IMU sensor, allowing recon-
structing of the position and orientation of the prosthetic leg in

the absolute world reference frame. This information is used in
the Genium, for example to detect a backwards walking mode
in case of a loaded forefoot and a decreasing inertial angle of
the shank segment in the direction of the vertical [55]. Further-
more, IMU data can provide information on step height and step
length.

Research MPKs rather employ machine-learning techniques
for human motion intent recognition. For the Vanderbilt pros-
thesis, intent recognition is performed using a Gaussian mixture
model (GMM) [67], [68]. Other classifiers, such as linear dis-
criminant analysis (LDA) [69]–[71], dynamic Bayesian network
(DNB) [69], artificial neural network (ANN) [71] or adaptive
algorithm (AA) [72] were tested on the Vanderbilt prosthe-
sis by researchers from the Rehabilitation Institute of Chicago.
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TABLE III
OVERVIEW OF INTENT RECOGNITION ALGORITHMS TESTED ON TRANSFEMORAL AMPUTEES

aThe 14 feature vector space was reduced to 3 using LDA and PCA, with preferable results using LDA.
bAccuracy for user-independent classifications was ∼84/ 69 (LDA) and ∼89/ 85 (DBN). The accuracy increased further if RA and RD were relabeled as W.
cAccuracy for user-independent classifications was ∼ 99/ 91.5 (LDA) and ∼99.5/ 93.5 (ANN).
AA = adaptive algorithm; ADM = Adductor Magnus; ANN = artificial neural network; ARC = autoregressive coefficient; BFL = Biceps Femoris Long Head; BFS = Biceps Femoris
Short Head; C/ILT = contra- and ipsilateral turning; DBN = dynamic Bayesian network; DST = Dempster-Shafter theory; EMG = electromyography; FV = final value; GMA =
Gluteus Maximus; GME = Gluteus Medius; GMM = Gaussian mixture model; GRA = Gracilis; HC = heel contract; HPK = Hydraulic passive knee; HMM = hidden Markov
model; HRB = heuristic rule-based; HS = healthy subjects; ICC = intraclass correlation coefficient; IMU = inertial measurement unit; IV = initial value; LDA = linear discriminant
analysis; MABS = Mean absolute value; OBS = obstacle avoidance; RA = ramp ascent; RD = ramp descent; RF = Rectus Femoris; S = sitting; SA = stair ascent; SAR = Sartorius;
SD = stair descent; St = standing; STD = standard deviation; SEM = Semitendinosus; SSC = number of slope sign changes; SVM = support vector machine; TO = toe-off; TFA
= transfemoral amputee; TFL= Tensor Fasciae Latae; VBP = Vanderbilt prosthesis; VL = Vastus Lateralis; VM = Vastus Medialis; W = level ground walking; WL = waveform
length; ZC = number of zero-crossings.

Algorithms tested on the NREL-A1 include LDA [66] and AA
[73]. Researchers from the University of Rhode Island have
tested LDA [74], [75] and support vector machine (SVM) [30],
[76] using a different prosthesis than the NREL-A1. A hidden
Markov model (HMM) was tested by Liu et al. [77], mounting
a gyroscope and accelerometer on the socket of the prosthesis.

Details of the classification algorithms described above are
listed in Table III. The reported characteristics are:

� Reference: cites the manuscript
� Prosthesis: states the MPK used in the study
� Sensors: describes the amount and type of sensory signals

used in for the classification algorithm
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TABLE IV
OVERVIEW OF TRANSITION RULES (RULES DEFINE THE ENTRANCE CONDITION OF THE STATE) FOR LEVEL GROUND WALKING

aMid-stance, late stance and early swing state were subdivided into two or three sub-states. The moment sensor is located at the distal end of the prosthesis, this is referred to as the
ankle moment in [4].
bThe controller distinguished four states: left and right stance and two double stance states. Slightly other transition rules are used in [54], [58].
cEarly and late swing were subdivided into two sub-states.
DST = Dempster-Shafer Theory; GRF = ground reaction force; TH = threshold; W = level ground walking.

� Window: outlines the window size used, which may be a
moving window or a fixed window preceding or following
specific gait events

� Features: summarizes the features extracted from the sen-
sory signals

� Classifier: describes the algorithm used for the classifica-
tion

� Delay: reports the time in milliseconds required to per-
form the prediction, including the time required for voting
schemes, but excluding the window size.

� Accuracy: denotes highest classification accuracy in per-
centage for TFA subjects reported in the manuscript. In
case only one value is reported, this refers to the overall
accuracy. In case of two values, the first value refers to the
steady state accuracy and the second value to the transition
accuracy. In case accuracies were only reported graph-
ically, accuracy values were estimated (indicated with a
tilde). All accuracy values are based on subject-dependent
classifiers.

� Modes: sums up the activities separated as different
classes by the classification algorithm

� Subjects: defines on which subjects the algorithm was
testedWalking controller

A walking controller defines desired device states such as
to closely reproduce biomechanical aspects of gait. Different
control strategies may be applied at different phases within the
gait cycle and may have the form of a position, velocity, torque,
impedance or admittance controller.

Due to its flexibility and simplicity, finite state machine (FSM)
is the most popular approach for a walking controller. In an
FSM, the gait cycle is divided into multiple phases. The FSM
transitions through these states based on a fixed set of rules.
Each state may then be characterized by a specific impedance

or damping setting, exact or similar to

τ = k (θ − θeq ) + bθ̇ (1)

in which τ is the commanded knee torque, k is the proportional
gain or stiffness (zero for P-MPKs), θ is the knee angle, θeq is
the desired knee angle equilibrium position and b is the damping
coefficient.

Table IV contains an overview of the transition rules in FSM
for level ground walking (W). Of the commercial MPKs, only
information was found for the Rheo Knee and Plie.

To assess the performance of a controller and device, dif-
ferent metrics have been used. Similar to [78], these metrics
were grouped into patient-reported outcomes, performance-
based measures and biomechanical measures. The results are
reported in Table V.

D. Adaptability to Walking Speed and Ground Slope

All commercial MPKs included in this review allow speed
adaptation during walking. Of the research MPKs, only the
Vanderbilt prosthesis enables speed adaptation. Speed adaptive
behavior is also described for a combination of the CSEA and
a powered ankle prosthesis in [32] using a controller based on
a neuromuscular reflex model, yet no clinical trials with TFAs
have been reported.

All commercial MPKs included in this review allow negoti-
ation of ramps. All have a specific RD mode, but only three of
the five have a ramp ascent (RA) mode.

Four of the five research MPKs have controllers specific for
RA and RD. However, the RA and RD controller of CSEA have
not been tested clinically, that of CYBERLEGs-Beta was devel-
oped for one TFA for a specific Cybathlon obstacle and that of
NREL-A1 was set in RA or RD mode manually by a technician.
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TABLE V
OVERVIEW OF EVALUATION METRICS TO EVALUATE PROSTHETIC CONTROL

aReference contains a summary of findings from clinical research subsidized by the manufacturer
6MWT = 6 minute walk test; ABC = activity-specific balance confidence; ADL = activity of daily living; AMP = amputee mobility predictor; FPWS = fastest possible walking speed;
FSM = finite state machine; FQST = four square step test; HAI = hill assessment index; LEFS = lower extremity functional scale; LIFE-H = assessment of life habits; LOS = limits of
stability; OC = obstacle course; OLBT = one legged balance test; PEQ = prosthesis evaluation questionnaire; PROMIS = patient-reported outcomes measurement information system.
RPE = Borg rating of perceived exertion; SAI = stair assessment index; SSWS = self-selected walking speed; SWOC = standardized walking obstacle course; TUG = timed up and
go test.

To the best of our knowledge, only the VanderBilt prosthesis has
autonomous switching to and from RA and RD mode, and the
implemented RA and RD mode have been evaluated clinically
on TFAs.

Table VI contains an overview of how walking speed and
ground slope is estimated in different MPKs, and how these
measurements propagate in the control of the movement. Note
that the implementation of speed and slope adaptability may
be realized by switching to another FSM with different control
parameters or by describing control parameters a function of
ground slope or walking speed.

E. Other Approaches for Speed and Slope Adaptability:
Unified Walking Controller

Recently, some research groups have investigated unified
walking controllers, which do not need to switch between con-
troller type or to change control parameters for different gait
phases and show inherent adaptability to speed or ground slope.
One such an approach is based on invariant trajectories, which
vary with respect to the gait phase, but do not change sub-
stantially with respect to gait speed, ground slope or between
different users [14]. The main advantages of such an approach
are less control parameters to tune to the individual and fewer
modes to differentiate for intent recognition algorithms.

For the stance phase of locomotion, Gregg et al. [88] em-
ployed the invariant property of an effective shape as a vir-
tual constraint on the Vanderbilt prosthesis. The trajectory
of the center of pressure mapped into a moving reference
frame attached to the thigh stance leg was used as effective
shape. This shape is invariant for different gait speeds, ground
slope, heel heights, shoe curvatures, and body weights. For the
swing phase, an impedance control was used. Experiments with
three TFAs demonstrated invariability for gait speeds and body
weights. Only five parameters were used to tune the stance
controller.

Villareal et al. [89] and Quintero et al. [90] proposed a phase-
based controller that uses the amputee’s hip angle to voluntarily
control both a powered knee and ankle in a synchronized man-
ner. The controller does not switch between stance and swing
phase, since the hip angle is piecewise monotonic through the
gait cycle. The controller was proven to adapt to different speeds
and inclines [91]. A similar approach was proposed by Sugar et
al. [92], driving a powered ankle prosthesis based on the tibia
segment angular velocity.

Righetti et al. [93] proposed a system of coupled adaptive
nonlinear oscillators that can learn arbitrary rhythmic signals in
a supervised learning framework, and applied it to control the
locomotion of a humanoid robot. In a simulation environment
it was demonstrated to change the speed of locomotion using
sensory feedback. Rafael et al. [94] have tested such a control an
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TABLE VI
OVERVIEW OF SPEED AND SLOPE ADAPTATION IN WALKING CONTROLLERS

aFor the Orion, Plie, Rheo Knee and Genium, no specific information on RA mode was found.
bLeg chord is made of the connecting line between a hip center of rotation and a foot point.
cWalking controller with speed and slope adaptation is based on U.S. patent 9 737 419 B2 [32]. To the best of our knowlegde, slope and speed adaptability of the controller has never
been demonstrated on an amputee wearing an A-MPK, but only on amputees wearing a powered ankle prosthesis [21], [99], [100].
IMU = inertial measurement unit; RA = ramp ascent; RD = ramp descent; W = level ground walking.
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MPK using one healthy subject and one TFA, and demonstrated
the adaptability to gait speed.

Yet another approach is based on a neuromuscular reflex
model developed by Geyer et al. [98], which was proven to adapt
to slopes without parameter intervention. A controller based on
this approach was implemented on a powered transtibial pros-
thesis and showed adaptability to walking speed in transtibial
amputees [21], [99]. Although the controller has been imple-
mented on an MPK by Thatte et al. [101] and tested on a healthy
subject, speed and slope adaptability was not investigated.

IV. DISCUSSION

In this work the control strategies of five commercially avail-
able MPKs and five research MPKs were compared. The com-
parison focused on the working principles, intent recognition
and the control of walking, including adaptability to walking
speed and ground slope. The interpretation of these results
may define future research directions for the development of
A-MPKs to enhance commercial viability.

A. Working Principles

All research MPKs are powered, whereas all commercial
MPKs are passive except the Power Knee (see Table I and II).
The most likely explanation for the abundance of commercial P-
MPKs is that following the Medicare guidelines [102], P-MPKs
are fully reimbursed for K3 or K4 TFAs. Due to lack of clinical
evidence for the benefit of A-MPK with respect to P-MPK [2],
[5], [9], A-MPKs are not fully reimbursed for this patient group.
Moreover, the first generation of the Power Knee was not well
received, as it was expensive, bulky, heavy, noisy and had a short
battery life of around 6 hours [103], although this was improved
upon in the second generation.

Furthermore, from a biomechanical point of view, the abun-
dance of commercial P-MPKs can be explained as well. For level
ground walking in healthy individuals, the net mechanical work
done at the knee joint is negative: the knee predominantly acts
as a torsional spring during the stance phase and as a rotational
damper during the swing phase, dissipating energy to regulate
swing of the lower leg [104]. Only knee extension at mid stance
requires considerable positive work (concentric knee extensor
activity) [105], which in P-MPKs may be may be achieved us-
ing elastic elements. Thus, for level ground walking, a close
to normal knee joint behavior can be obtained with a P-MPK
[7], [106]–[109], assuming kinematics and kinetics of healthy
subjects.

On the other hand, a likely explanation for the abundance
of A-MPKs in research institutes is that robotics technology
is becoming cheaper and more accessible. For example, the
power-density of batteries has increased steadily over the past
decades while the price per kilowatt-hour has steadily decreased
[110]. While P-MPKs only allow eccentric knee joint behavior,
A-MPKs provide full control of the knee joint. Thus, A-MPKs
can promote stance knee flexion during gait, which is still lack-
ing or not used in most P-MPKs [11]. Additionally, A-MPKs
enable TFAs to perform more energy-demanding tasks with less

effort compared to P-MPKs, such as getting up from a chair [5],
step-over-step stair ascent [6], [69] or running [111].

All commercial MPKs included in this review only actuate the
knee joint, while the Vanderbilt Prosthesis and CYBERLEGs-
beta actuate the ankle joint as well. During normal level ground
walking, net positive energy is provided by the ankle joint at
push-off. Sufficient ankle push-off is essential in restoring gait
symmetry and reducing metabolic energy consumption in TFAs
[112] and can only be provided by a powered ankle joint [100] or
transferring stored elastic energy to the ankle [113]. To the best
of our knowledge, commercially, such combinations are only
offered by Össur (Symbionic Leg) and Ottobock (emPOWER
ankle prosthesis combined with Genium or C-leg).

Another advantage of an MPK with a powered ankle joint is
that it enables (amongst others) quiet slope standing [114], while
an MPK with a passive foot will always generate a destabilizing
torque on ground slopes.

Unfortunately, there is little clinical evidence of the benefit of
A-MPKs compared to P-MPKs [2], [5], [9] and the effects of a
passive or powered ankle joint is not well investigated in these
studies. Defining the patient group and conditions under which
A-MPKs outperform P-MPKs is essential to justify the efforts
of many research groups in developing A-MPKs.

Another noticeable difference from Table I and II is that the
set of ADLs possible to be performed with research MPKs is
much more limited than that of commercial MPKs. At least three
of the five commercial MPKs in this study have specific modes
for cycling, kneeling, backwards walking, stumble recovery or
a user-defined activity (often leisure activities), whereas these
modes are largely overlooked in research MPKs. These ADLs
are useful in everyday life [115] and should be included in
research MPKs to boost its commercial exploitation.

B. Intent Recognition

Most research MPKs employ machine learning algorithms
(see Table III) for intent recognition instead of rule-based heuris-
tics. These machine learning algorithms are either based on
electromyography (EMG) sensors [72], [74], mechanical sen-
sors [67]–[71], [77] or a combination of these, referred to as
neuro-mechanical sensors [30], [66], [73], [75], [76]. Although
intent recognition using neuro-mechanical sensors provides su-
perior classification accuracy compared to using only EMG or
mechanical sensors [116], [117], the commercial market favors
the use of mechanical sensors. The most likely explanation is
that the use of EMG comes with several practical limitations
[e.g., [118]], preventing its use in commercial MPKs.

Using machine learning, in general, the highest classification
accuracy is reached for user-dependent models using neuro-
mechanical sensors. For user-independent classification, the
steady state accuracy may decrease 2-13%, while the transi-
tion accuracy may drop even more dramatically with 5–20%
compared to user-dependent classification [69], [71]. User-
independent classification may be favorable, as it does not re-
quire user-specific training data. However, as a clinician usually
trains amputees individually, the data from these sessions may
be used to train such a user-dependent classification model.
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One potential limitation of such classification algorithms is
that the steady-state and transition accuracy likely never reaches
100 percent for each subject and task. This accuracy was only
reached in [67], [68] using a lengthy voting scheme for a single
TFA and for only three classes. The effect of misclassifications
on the stability of the user depends on, among others, timing
and activity mode. Misclassifications during SD or stair ascent
(SA) yield to significant instability, whereas misclassifications
between LW, RA and RD are less critical [119]. With respect to
timing, for transitions between LW, RA RD, there exists a spe-
cific safe window in which transitioning does not affect stability
[120]. This knowledge may be used to improve classification
accuracy, for example by delaying transition decisions [121]
or designing a classifier such as to avoid the most substantial
misclassifications.

Another limitation is that classification accuracy tends to de-
crease when more modes are distinguished [122]. Research on
classification algorithms is often limited to a subset of ADLs. At
most, seven modes were distinguished in [74]. An open research
question is which (additional) sensors are necessary to reliably
detect additional ADLs, such as kneeling, backwards walking or
leisure activities (see Section IV.A). Besides, these algorithms
have only been tested in a controlled environment, e.g., using
fixed geometry of ramps and staircases. Evaluating intent recog-
nition outside the laboratory setting is required to move towards
commercial applications. As this may be hindered by the re-
quirement of Food and Drug Administration (FDA) approval or
Conformité Européenne (CE) mark of the MPK, a first step may
be to use ramps and staircases with adjustable geometrics.

Tucker et al. [14] argued that practical safety considerations
favor robust and unambiguous mode switching. All commercial
MKPs included in this review employ an HRB approach for
intent recognition but have not reported on its accuracy. As the
HRB approach is based on a set of predefined rules of thresh-
olding available sensory information, it is effective, straight-
forward and easy to understand by the user. The amputee may
be specifically trained by a clinician to perform movements in
such a way to trigger the MPK correctly. The instruction manual
for the C-leg [123], for example, contains specific descriptions
of how certain movements should be performed. Although this
may feel unnatural and increases the cognitive burden of user,
it does meet the requirements of robust and unambiguous mode
switching.

It is clear that the commercial market favors simplistic instead
of sophisticated methods for intent recognition. Future research
may be aimed at comparing classification accuracy of HRB
approaches to those of machine learning algorithms, and inves-
tigating if TFAs prefer the robustness and confidence of HRB
approaches or the apparent seamless and effortless switching
provided by machine learning algorithms.

C. Walking Controller

For the control of walking, all MPKs included in this review
relied on an FSM control system. In such a system, a gait cy-
cle is divided into several states and transitioning to the next
state typically depends on thresholding of sensory information.

Transition rules used in FSM control system are summarized
in Table IV and do not differ dramatically between research
and commercial MPKs. Typically, transition to early stance and
early swing is detected by thresholding axial force sensor and
the transition to late swing is detected by a change in direction
of the knee angular velocity. Most FSM systems distinguish five
states (3 for stance and 2 for swing), however the myoelectric
prosthesis of Clarkson University only uses stance and swing
states, while the Plie has a total of 9 states.

Within the FSM, all commercial MPKs and three of the five
research MPKs relied on impedance control (this includes vari-
able or binary damping as well). In the third prototype of the
Vanderbilt prosthesis a position controller for the swing phase
of gait was employed [26], whereas in the first prototype only
impedance control was implemented [79]. The CYBERLEGs-
Beta used both torque and position control [27]. The extensive
use of impedance control should not come as a surprise. As
argued by Vanderborght et al. [124], in a task in which a pros-
thesis interacts with the environment, the control of impedance
is a well-posed problem that is independent of the knowledge
of the environment, if within certain boundaries. Stability can
be guaranteed if only eccentric motion is allowed. On the other
hand, position control may lead to instability and generation
of high forces when interacting with a stiff environment [14].
Yet position control during the swing phase is feasible as the
trajectory and interacting forces are well-characterized if no
disturbances occur.

Although FSM impedance control is straightforward and easy
to use, such a type of controller may contain a large amount of
parameters, which need to be tuned to the individual. Most
commercial MPKs provide software to automatically adjust
impedance or damping settings based on the subject’s gait data
at different speeds (Table VI). Tuning of these settings is typi-
cally evaluated using kinematic or kinetic reference parameters.
A prosthetist may fine-tune these settings, which then remain
fixed for daily use.

For research MPKs, impedance settings are often adjusted
manually. However, as optimal assistance is different among
individual amputees, recent research has focused on methods
to reduce the parameter space [96] or automatically adjust the
parameters set. Such automatic procedures may rely on fuzzy
logic [125], a walking model combined with invariant kine-
matics [126], adaptive dynamic programming [127], extremum
seeking algorithm [128], online reinforcement learning [129]
or human-in-the-loop optimization [130]. These methods use a
priori knowledge, such as optimal knee kinematics or kinetics
[125]–[128] or shape of the assistive torque [130] to optimize
the control parameters by minimizing a cost-function, such as
deviation from normal knee kinematics or kinetics [125]–[128]
or metabolic energy consumption [130]. All methods use (pa-
rameterized) a priori knowledge to simplify the automatic tuning
algorithms and to reduce the solution space. Additional research
is needed to identify appropriate cost functions for A-MPKs
which are clinically viable and improve amputees’ walking
performance and comfort. Possible cost functions of interest
are, but not limited to, minimizing the load in the sound leg
[131] or minimizing the level of asymmetry in the sound versus
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prosthetic leg in terms of joint kinematics, mechanical loading
or muscle activation [12].

In light of reducing the parameter set, recent research has
focused on the development of unified controllers for walking,
which are independent of subject’s weight, gait speed or ground
slopes (see Section III.F). The controller proposed by Quintero
et al. [90] only requires two parameters to tune, the proportional
and derivative gains of the position controller. However, the neu-
romuscular model of Geyer et al. [98] contains 82 optimized
parameters. Although unified controllers are a promising solu-
tion to the control of walking at different speeds and at different
slopes, attention must be paid to how to fine-tune these con-
trollers to the individual. Fine-tuning parameters ideally should
be related to biomechanical parameters that are understandable
to prosthetists.

The walking controller of research MPKs is typically only
evaluated using biomechanical measures, often limited to com-
paring knee kinematics and kinetics with those of healthy sub-
jects. Instead, most commercial MPKs provide patient-reported
outcomes and performance-based measures as well (Table V).
Performance-based measured are standardized tests which are
performed typically with both the amputee’s own prosthesis and
the new MPK, thereby providing a more objective evaluation.
For amputees, the comfort, sense of security and quality of life
are the most relevant outcomes [78], [132], which can only
be assessed with questionnaires. The discrepancy in evaluation
metrics used for research and commercial MPKs may be ex-
plained due to the fact that commercial market is more focused
on end-user satisfaction and moreover, may use these metrics for
marketing purposes, whereas researchers focus on mimicking
well-known Winter data [105].

D. Adaptability to Walking Speed and Ground Slope

All commercial MPKs included in this review have incorpo-
rated speed and slope adaptation. Of the research MPKs, only the
Vanderbilt prosthesis provides speed and slope adaptability, the
CYBERLEGs-Beta and NREL-A1 have included slope adapta-
tion only. The CSEA may be controlled using a neuromuscular
reflex model [98], with inherent slope and speed adaptability,
which was shown to work in a powered ankle prosthesis [21],
[99], [100].

The walking speed is either determined based on known rela-
tions between walking velocity and ground contact time or based
on IMU calculated step length between consecutive heel-strikes.
Some commercial MPKs use predefined damping settings for
each speed region as determined by a prosthetist. Usually, swing
resistance is increased with increasing walking velocity, as peak
swing knee angle does not change dramatically with increasing
speed. On the other hand, maximum knee stance angle increases
significantly with increasing speed [105]. In some MPKs this is
realized by keeping the stance resistance at similar levels across
walking speeds (e.g., Plie). Other more advanced commercial
MPKs (e.g., Genium) adjust damping or impedance dynami-
cally based on a kinematic target.

For the Vanderbilt prosthesis, the impedance parameter set is
reduced [96] and required no adaptation when the user walked at

different speeds. As discussed before, other research MPKs (not
included in this review) focus on inherent speed adaptability of
the controller.

Most MPKs included in this review do not measure ground
slope. Only IMU based methods were found, either by calcu-
lating the horizontal and vertical displacement between consec-
utive heel strikes or calculating the ground slope during foot
flat.

For the commercial MPKs included in this review, RD mode
is detected by an increased knee moment compared to walking
or deducted from IMU data. Knee damping values increase for
RD mode compared to walking and are set by a prosthetist. RA
mode is deducted from IMU data as well. For P-MPKs, we did
not find different damping values for RA mode compared to
walking. Instead, the user is instructed to extend the hip during
the prosthetic stance phase, stabilizing the prosthetic limb, and
to forcefully flex the hip at toe-off to prevent the prosthetic limb
from catching the ground [3]. For the Power Knee, RA mode
triggers concentric knee joint behavior during stance.

For the research MPKs included in this review, RD or RA
mode selection may be based on a specific user input, classifi-
cation algorithm or manual input from a technician. Impedance
or torque profiles are tuned manually by a technician.

E. Limitations

A limitation of a review of this nature is the reliance on
information of patents, which in some cases may be difficult to
interpret and do not relate to a specific device (see Section II.C).
Only a small subset of commercial and research MPKs was
taken into account, yet we believe the subset is representative of
the entire field. Also only walking (including speed and slope
adaptability) was considered, an analysis of other tasks may
provide useful insights too.

V. CONCLUSION

The aim of this review was to identify the main challenges
in the development of A-MPKs to achieve more clinical trans-
lation. For this purpose we compared commercial and research
MPKs in terms of working principles, intent recognition and the
control of walking, and found large differences in each of these
topics.

Several lessons can be learned from the commercial mar-
ket. First, as the commercial market benefits from end-user
satisfaction, commercial MPKs and their control are evalu-
ated using standardized performance-based measurements and
patient-reported outcomes. These metrics are largely overlooked
in scientific research. Performance-based metrics are useful to
quantify performance of novel control strategies in an objec-
tive way, and patient-reported levels of comfort and satisfaction
are crucial when it comes to commercial viability. Secondly, the
commercial market favors simplistic methods over sophisticated
methods, both for the topics of intent recognition and walking
controller. This tendency can be largely explained due to safety
and robustness considerations, but it also enables straightfor-
ward tuning of MPK settings to the individual. Tuning is essen-
tial, as individual optimal control is not known a priori. While
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research is focused on more sophisticated algorithms, atten-
tion should be paid to practical and comprehensible tuning of
such algorithms or controllers to the individual. Thirdly, most
commercial MPKs are tested extensively in an uncontrolled en-
vironment (outside the laboratory setting). For research MPKs
this is hindered by the necessity of FDA approval or a CE mark,
but essential to evaluate the performance and robustness of in-
tent recognition algorithms and walking controllers. A first step
may be to use ramps or staircases with adjustable geometrical
settings.

Besides these lessons, much research is still required to
achieve clinical translation of current research A-MPKs. Most
importantly is to demonstrate the benefit of A-MPKs compared
to P-MPKs or even NMPKs and to determine which patient
populations will benefit from this technology, as this is still not
clearly demonstrated. Also the effect of a passive or active an-
kle is not well investigated in TFAs. Evaluation of these topics
should consider biomechanical, performance-based and patient-
reported metrics. Other relevant topics for future research are to
evaluate patient preference for intent recognition using a HRB
approach or a machine learning algorithm, and to add control of
additional useful ADLs.
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