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Data-Driven Phase-Based Control of a Powered Knee-Ankle
Prosthesis for Variable-Incline Stair Ascent and Descent

Ross J. Cortino, T. Kevin Best, and Robert D. Gregg

Abstract—Powered knee-ankle prostheses can offer benefits
over conventional passive devices during stair locomotion by
providing biomimetic net-positive work and active control of
joint angles. However, many modern control approaches for stair
ascent and descent are often limited by time-consuming hand-
tuning of user/task-specific parameters, predefined trajectories
that remove user volition, or heuristic approaches that cannot be
applied to both stair ascent and descent. This work presents a
phase-based hybrid kinematic and impedance controller (HKIC)
that allows for semi-volitional, biomimetic stair ascent and
descent at a variety of step heights. We define a unified phase
variable for both stair ascent and descent that utilizes lower-
limb geometry to adjust to different users and step heights.
We extend our prior data-driven impedance model for variable-
incline walking, modifying the cost function and constraints
to create a continuously-varying impedance parameter model
for stair ascent and descent over a continuum of step heights.
Experiments with above-knee amputee participants (N=2) val-
idate that our HKIC controller produces biomimetic ascent
and descent joint kinematics, kinetics, and work across four
step height configurations. We also show improved kinematic
performance with our HKIC controller in comparison to a
passive microprocessor-controlled device during stair locomotion.

I. INTRODUCTION

Conventional passive knee-ankle prostheses are unable to
provide the net-positive work at the joints needed for nor-
mative stair ascent and other activities of daily living [1].
Despite this lack of energy input, people with above-knee
amputation (AKA) can still perform these activities but must
rely on compensatory behaviors such as hip hiking [2]. Most
prosthesis users are limited to performing step-to stair ascent,
which halves the rate at which users can progress up a
staircase. Step-to ascent is characterized by a person climbing
only one stairstep per gait cycle, instead of two stairsteps as
seen in step-over stair ascent. These compensatory behaviors,
along with the lack of net-positive work from the passive
device, often put extra strain on individual’s sound leg and
upper body [3]–[5] and can lead to secondary conditions such
as chronic back pain and arthritis in the sound leg [6]–[8].

Able-bodied (AB) stair descent is characterized by a
toestrike and the dissipation of energy by the ankle at the
beginning of the gait cycle [1]. Passive devices are unable
to reach this configuration, due to a lack of controlled plan-
tarflexion at the ankle [9], resulting in a heelstrike (HS) at
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the beginning of the stance phase. To compensate for this
behavior, amputee users must HS at the edge of the step,
using that edge as a pivot for the foot to achieve the necessary
flexion at the knee [9]. This inability to actively control joint
angles affects both ascent and descent, leading to potential
toe-stubbing during swing and loss of balance.

Emerging powered prosthetic devices [10]–[16] can address
these challenges by contributing net-positive work during
stair ascent, controlled negative work during stair descent,
and active control of foot placement during both activities.
Studies have also shown that powered devices can reduce
joint power and strain on the contralateral side and limit hip
compensation during stair locomotion [17], [18]. Despite the
potential benefits of using powered devices, designing control
approaches that can accommodate the various activities and
environments of day-to-day life is still a challenge.

Traditionally, powered prostheses have been controlled to
emulate human joint impedances at discrete phases of gait with
a finite-state machine (FSM) [19]. These simple-to-implement
impedance controllers have demonstrated promising results for
level-ground walking, ramp ascent and descent, and stair as-
cent and descent [17], [18], [20]–[24]. The standard impedance
controller parameterizes torque, τ , as a function of joint angle
θ and velocity θ̇ in the form of

τ = −K(θ − θeq)−Bθ̇, (1)

where K, B, and θeq are impedance parameters defining a
joint’s stiffness, damping, and equilibrium angle, respectively.
Typically, the gait cycle is divided into 3-4 phases, each with
a unique set of constant impedance parameters.

A major drawback of traditional FSM impedance control
is that researchers must experimentally tune the impedance
parameters for each discrete phase within the gait cycle.
Similarly, thresholds based on sensor readings (foot contact
(FC), joint kinematics, elapsed time, etc.) that control the
switching between FSM phases must also be tuned. These
tuneable parameters are often user/task-specific [21]. For ex-
ample, Lawson et. al. proposed an FSM impedance controller
for stair locomotion that had a combination of approximately
40 tuneable parameters and state switching criteria [20].
Moreover, staircases can vary greatly in incline or step height
(even ADA-regulated staircases), and able-bodied studies have
shown corresponding variations in normative joint kinetics
and kinematics [1], [18], [25]–[27]. Therefore, the necessary
impedance parameters and switching criteria also need to
vary as a function of stair configuration, but the resulting
tuning sessions would be infeasible in duration. Failure to
adapt to variations in step height/inclination would likely result
in improper biomechanics and issues with foot placement,
compromising the performance of powered devices.
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Rather than using heuristic strategies to reduce the number
of tuned impedance parameters [21] or automating the tuning
process for a limited set of parameters [28]–[30], our research
group previously aimed to avoid parameter tuning altogether
by using data-driven models based on pre-recorded AB kine-
matics [31]–[35]. In our recent stair ascent controller [35],
AB joint kinematics parameterized by a thigh-based phase
variable gave the user indirect-volitional control over the gait
cycle progression and produced appropriate kinematics at the
knee and ankle joints. However, this kinematic control method
proved to be problematic when applied to stair descent (in
preliminary work) due to this activity’s small hip range of
motion (ROM). In particular, small changes in thigh angle
map to large changes in the phase variable and therefore in
the desired knee and ankle angles. This sensitivity between the
user’s hip input and the resulting prosthesis joint patterns can
cause swing phase oscillations or overly-aggressive gait pro-
gression. Therefore, an alternative approach for stair descent
is needed.

To remedy the issues with purely kinematic control, Best
et al. proposed a hybrid kinematic impedance controller
(HKIC) for variable-speed/incline walking [36]. While the
swing period was largely unchanged from previous kinematic
methods, the controller continuously varied stance-phase joint
impedance based on phase and task variables to produce
biomimetic joint kinetics and work trends as task varied. These
joint impedance models were generated through optimization
with able-bodied kinematic/kinetic data. Another study applied
this impedance control framework to sitting and standing and
demonstrated similarly promising results [37].

Therefore, this work extends the HKIC approach by creating
a continuously-varying impedance model for use in the stance
phase of stair ascent and descent. Because impedance control
regulates the relationship between joint angle and torque rather
than controlling the joint angle directly, this HKIC approach
remedies the aforementioned problems with a purely kine-
matic approach. This work’s novel contributions include an
adaptation of the impedance optimization problem originally
outlined in [36] to calculate stair ascent/descent impedance
parameters over a continuum of step heights. The cost function
and constraints were modified to emphasize late-stance knee
damping in stair descent, allowing the use of a thigh-based
phase variable with a small thigh ROM. We also define a
common phase variable for both stair ascent and descent that
uses leg geometry to automate the user/task-specific parameter
tuning needed to obtain linear phase estimates. Finally, we
show that the HKIC controller produces biologically similar
ascent/descent joint kinematics, kinetics, and work across four
step height configurations during experiments with two AKA
participants.

II. RELATED STAIR CONTROLLERS

Many researchers have suggested approaches to remedy the
tuning burden, focusing on parameter reduction, automated
parameter tuning, or both. Groups have applied fuzzy logic or
reinforcement learning (RL) to automatically tune impedance
parameters, offline or online, at the knee joint while users

walk [29], [30], but these approaches have not been applied to
dual joints nor stair ascent/descent. Simon et al. reduced the
number of tuneable parameters in a multi-activity controller
from 140 to 20 by constructing mathematical relationships
between parameters [21]. However, many of the parameters for
stair locomotion were still hand-tuned, contributing to lengthy
tuning sessions of about 5 hours for multiple activities. Other
groups reduced the number of tuneable parameters by utilizing
time-based, predefined joint torque trajectories during certain
states within the stair ascent and descent gait cycles [22].
However, time-based trajectories can become desynchronized
with the user, particularly during non-steady motions. Hybrid
control approaches serve as another parameter reduction tech-
nique. One previous hybrid control approach for stair descent
utilized traditional impedance control with constant sub-state
parameters during stance and kinematic control during swing
[11]. By utilizing kinematic control in swing, the number of
tuneable impedance parameters was reduced by half. These
hybrid approaches to control are similar to that proposed in this
work but, to the authors’ knowledge, no previous work with
this architecture has utilized continuous, phase-based control
for stair ascent and descent.

Other stair control methods give users indirect volitional
control over the device by adapting joint kinematics and/or
kinetics to user movement or intent. Hoover et al. utilized a
traditional FSM fixed-impedance controller but modulated the
provided knee torque during stance and terminal swing based
on electromyography signals from the residual limb [38]. This
approach to volitional control was limited to stair ascent and
struggled during swing to achieve proper foot placement on
the following stair step. Hood et al. presented a tuned-heuristic
approach that, during swing, modulates the prosthetic joint
angles based on the user’s thigh angle, and during stance,
modulates the knee joint torque–angle relationship based on
the prosthesis knee position at FC [39]. While this approach
allowed for adaptive stair ascent over two ADA-compliant stair
configurations [40], the resulting kinetic and kinematic profiles
were not evaluated for biomimicry, and the heuristic method
was not applicable to stair descent.

III. CONTROL ARCHITECTURE FOR STAIR LOCOMOTION

Our proposed HKIC controller for variable-height stair
ascent and descent builds upon our previous work on a purely
kinematic controller for stair ascent [35], as well as our
previous HKIC controller for variable-speed/incline walking
[36]. During stance, the controller utilizes a joint impedance
model that modulates stiffness, damping, and equilibrium
angle as continuous functions of stance phase and step height
(between 102 and 178 mm). In swing, the controller utilizes
a kinematic controller that likewise modulates joint angles as
functions of swing phase and step height, similar to [34], [35].
We also propose a modified phase variable that accounts for
a user’s specific leg geometry and better parameterizes the
stance and swing phases.

A. Common Phase Estimate for Stair Ascent/Descent
We extend our previous phase estimation technique [35]

through 1) independent calculation of stance phase variable
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sst and swing phase variable ssw, and 2) the addition of a
leg geometry-based optimization of phase variable parameters.
These additions allow for a common phase-variable definition
for all stair locomotion tasks and provide an automated way
to individualize the phase variable for a user.

In our previous work [35], we proposed a phase variable
defining the gait cycle between maximum hip flexion (MHF)
events, instead of the traditional gait cycle defined by HS.
However, MHF detection was unreliable and depended on
participant-specific tuning of detection thresholds. To alleviate
this issue, as well as bring the stairs phase variable into
parity with other activities [36], [37], we propose a phase
variable for both ascent and descent that defines the gait
cycle by foot-strike (FS). We choose to use the term FS
instead of the traditional HS due to initial FC in descent being
characterized by a toestrike instead of the HS experienced
in ascent. Further, we improve on previous phase variable
definitions by decoupling the stance and swing portions of the
gait cycle, defining them by a stance phase variable sst and
swing phase variable ssw. This removes the interdependence
of the kinematic and impedance control frameworks on each
other, allowing for modifications of phase parameters for one
sub-controller to have little to no effect on the behavior of the
other. Our gait cycle phase variable s is thus defined as

s = sst · ŝTO + ssw · (1− ŝTO), (2)

where ŝTO is the average able-bodied value of normalized time
at which TO occurs for each stair locomotion task.

An FSM governs changes between phase variable defini-
tions at biologically-inspired thresholds, such as maximum
hip extension (MHE) or toe-off (TO). Fig. S1 shows the state
transition criteria, with states S1 through S3 corresponding
to stance and states S4 and S5 corresponding to swing. The
redundant state in stance, S2, acts as a threshold to prevent
premature MHE detection (as described later). The feed-
forward state S5 is a notable addition to our state machine
from our previous stair ascent controller [35].

1) Stance Phase Variable Definition: Our FSM begins in
S1 after FS is detected. During S1, we define our stance phase
estimate ŝst with the descending phase definition

ŝst =
θFS

th − θth

θFS
th − θMHE

th
· sMHE

st for S1 & S2, (3)

where parameters θFS
th , θMHE

th , and sMHE
st denote the estimated

thigh angle at FS, thigh angle at MHE, and stance phase at
MHE, respectively. This phase definition is valid until MHE,
but we use this phase definition over two states S1 and S2 to
prevent premature MHE detection that can occur with slow
strides during thigh extension in S1. The FSM stays in S1 as
thigh angle θth decreases until a threshold s1→2 = 0.85 · sMHE

st
is reached, corresponding to the stance phase at which we
expect the thigh velocity to begin slowing. MHE detection is
only done in S2, where we employ a fast (10 ms) and slow
(40 ms) simple moving average minima detection algorithm
on the measured thigh angle inspired by financial stock trend
analysis techniques [41]. This approach filters out noise in
the thigh angle measurement as the user approaches MHE to
prevent premature detection.

After MHE occurs, the FSM transitions to S3 for the
remainder of stance. During S3, we define our stance phase
estimate with the ascending phase definition

ŝst = 1 +
θth − θTO

th

θFS
th − θm

th
· (1− sst

m) for S3, (4)

where parameters θTO
th , θm

th , and sm
st denote the estimated thigh

angle at TO, measured thigh angle at MHE, and measured
stance phase at MHE, respectively. After the loss of FC, the
stance phase estimate is saturated at ŝst = 1 for the remainder
of the gait cycle (during S4 and S5).

2) Swing Phase Variable Definition: Following TO, the
FSM transitions from S3 to S4, where the ascending θth
trajectory gives rise to our estimated swing phase variable

ŝsw =
θth − θ̃TO

th

θ̃MHF
th − θ̃TO

th

· sMHF
sw for S4, (5)

where θ̃TO
th is the measured thigh angle at TO and sMHF

sw is the
anticipated swing phase at which MHF occurs. We estimate
θth at MFH as θ̃MHF

th = max(θ̃TO
th , θTO

th ) − θTO
th + θMHF

th , which
enforces the minimum angular separation between θ̃TO

th and
θ̃MHF

th shown in the training dataset for the given task. The
FSM transitions from S4 to S5 at thigh velocity of θ̇th ≤
0.75 rad/s and θth greater than or equal to θ4→5

th . The thigh
angle threshold θ4→5

th = 1
4 θ̃

TO
th + 3

4 θ̃
MHF
th corresponds to the

end of the linear portion of thigh flexion. The thigh velocity
threshold is chosen to prevent an early switch to S5 if the user
has not yet left the linear portion of thigh flexion.

After transitioning from S4 to S5, a feed-forward phase
definition based on the average swing phase rate in S4, ṡ4sw,
is used similarly to [36]:

ŝsw = ŝ45sw +

∫ ∆t

0

ṡ4sw dτ for S5, (6)

where ŝ45sw is the estimated swing phase when the FSM
transitions from S4 to S5. This implementation of a feed-
forward phase rate prevents premature saturation of the phase
variable, due to θMHF

th > θFS
th for all stair locomotion tasks.

Excessive phase saturation before MHF is undesirable because
a phase variable with a non-unity slope will temporally scale
the joint trajectories at the knee and ankle, desynchronizing
the user and device. This can lead to tripping and loss of
balance. If the user is ascending or descending consistently
and thigh features are estimated correctly, ŝsw = 1 will occur
simultaneously with FS, returning the FSM to S1. However,
we allow saturation of ŝsw in S5 after MHF so the knee
reaches the necessary flexion (ascent) or extension (descent)
angles early enough that the user has confidence it is ready to
accept their weight upon FS. In pilot testing, users noted their
preference for this behavior to resemble their experience with
conventional prostheses. At FS, the state machine transitions
from S5 to S1 and the process repeats for the next stair stride.
During the stance portion of the gait cycle, S1-S3, our swing
phase estimate is fixed at ŝsw = 0.

3) Geometry-Based Thigh Feature Estimation: In order to
calculate an accurate phase variable, correct estimation of
the user’s thigh trajectory features (θFS

th , θMHE
th , θTO

th , θMHF
th ) is
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Fig. 1. A two-link planar model of a human leg, with the center of rotation of
the hip as the origin. The global thigh angle is denoted as θth and the relative
knee angle is denoted as θk. lth denotes thigh segment length from the hip
center of rotation at the origin to the center of rotation of the knee. Similarly,
lsh denotes the shank segment length from the knee center of rotation to that
of the ankle. The green vector starting at the center of rotation of the hip and
ending at the ankle is denoted as P⃗L. This model forms the basis of the thigh
feature estimation outlined in (8).

important. In the past, we have assumed that features extracted
directly from AB averages of task-specific thigh trajectories
will suffice for our control purposes, with either hand-tuning
of feature parameters [31], [32], [35] or online updates of
these features over multiple steady-state strides [34]. Hand
tuning, however, increases acclimation and training time with
each new task added to the controller. Online moving-average
feature predictions require multiple steady-state strides prior
to convergence, which is feasible during treadmill or level
ground walking but is prohibitively slow on a short staircase.
We, therefore, propose a thigh trajectory feature estimator that
generates participant-specific features for each step height that
are individualized based on lower limb geometry.

To define a relationship between participant limb geometry
and the thigh trajectory features, we model the leg as a floating,
planar, serial-link system with two links corresponding to the
thigh and shank. We then define P⃗L as the vector between the
hip and the ankle, shown in Fig. 1. P⃗L can be written as

P⃗L =

[
pxL
pyL

]
=

[
lth sin(θth) + lsh sin(θth − θk)
−lth cos(θth)− lsh cos(θth − θk)

]
, (7)

where lth and lsh are the thigh and shank lengths, respectively.
We simplify our model by making the assumption that the

vertical component of our vector, pyL, varies with changes to
the thigh and shank length, while the horizontal component,
pxL , is constrained to be the same for a given step height,
regardless of leg geometry. This is because pxL at FS is
somewhat constrained by the stair geometry. For each step
height, γ, we construct an optimization problem to determine
the expected thigh trajectory θth,γ , based on the user’s thigh
and shank length. The optimization minimizes the difference
between the average AB p̄xL and our estimated horizontal
component p̂xL = lth sin(θth,γ) + lsh sin(θth,γ − θAB

k,γ) given
normative biological knee angles θAB

k,γ :

θ∗th,γ = argmin
θth

∥p̄xL − p̂xL∥
2
2

subject to − π

4
≤ θth ≤ π

2
.

(8)

The constraint ensures the solution is within the expected
ROM of the global thigh angle calculated from AB data.

This nonlinear program was implemented in MATLAB and
solved using fmincon. The phase variable parameters are
then calculated from the expected thigh trajectory.

B. Stance Impedance and Swing Kinematic Controllers

We calculate the joint torque during stance τst with an
impedance controller where the impedance parameters vary
throughout the gait cycle and across step heights. We input
the calculated stance phase estimate ŝst from Section III-A1
and a known step height, γ, into an impedance model to
determine the joint stiffness K, equilibrium angle θeq, and
damping component B for the impedance torque control law

τst = m
(
K(sst, γ)(θeq(sst, γ)− θ)−B(sst, γ)θ̇

)
, (9)

which is scaled by user mass m. The derivation of the
impedance model is presented in Section IV.

During swing, we utilize a proportional derivative (PD)
controller to enforce desired, time-invariant joint kinematics
known as virtual constraints [31]. For each step height γ,
a Fourier series is used to model the average AB knee and
ankle kinematics θd

k and θd
a as functions of gait phase s as

in [35]. Before calculating the Fourier series we interpolate
the desired joint kinematics from [26] as functions of the
average phase variable, based on the average thigh kinematics
for the associated step height γ in the reference AB dataset.
This approach accounts for non-linearities in the average phase
trajectory, improving the phase synchronization (and thus the
fit) of the estimated joint kinematics to the reference AB
trajectory on average [35]. The commanded joint torques at
the knee, τ k

sw, and ankle, τ a
sw, are functions of their respective

desired joint positions:

τ isw = kip(θ
d
i (ssw, γ)− θi)− kidθ̇i, (10)

where kip and kid are constant proportional and derivative gains
for each joint. We utilized viscous damping in order to limit
vibrations that naturally arose from a derivative tracking term
due to the actuators’ minimal inherent viscous losses. Time-
based interpolation between τst and τsw is performed at each
FS and TO to ensure a smooth transition as in [36].

IV. STANCE IMPEDANCE MODEL FOR STAIRS

A. Model Definition

Following the framework presented in [36], we build a
polynomial-based piecewise-linear impedance model for both
the knee and ankle during stair ascent and descent. The model
is parameterized by the user’s completion fraction of the stance
phase sst and the stairstep height γ, where γ is defined over
the range ±(102 ≤ γ ≤ 178) mm. A negative step height
represents stair descent. The model is defined byK(sst, γ)

B(sst, γ)
θeq(sst, γ)

 =

cK(γ)⊤

cB(γ)
⊤

cθ(γ)
⊤


s

0
st
...
sdst

 , (11)

where each task function ci(γ) ∈ Rd+1×1 is the product
of a matrix of constant coefficients Xi ∈ Rd+1×8 and an
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interpolation vector w(γ) ∈ R8×1, ||w(γ)|| = 1. For example,
cK(γ) is defined as

cK(γ) =

k0,−178 . . . k0,178
...

. . .
...

kd,−178 . . . kd,178


︸ ︷︷ ︸

XK

w(γ), (12)

where, for example, w(−178) =
[
1 0 . . . 0

]⊤
and

w(178) =
[
0 . . . 0 1

]⊤
. The task functions for damping

and equilibrium angle are defined similarly. The model is fully
defined when the three parameter matrices XK , XB , and Xθ

are chosen. Model polynomial orders d = 9 and d = 4 were
chosen for the knee and ankle, respectively, to balance model
flexibility with overfitting risk.

B. Model Fitting

To fit our model, we use an optimization-based approach
leveraging a dataset of AB steady-state stair ascent and descent
[26]. The dataset contains kinematic and kinetic joint informa-
tion from 24 participants ascending and descending stairs at
four step heights ±(102 ≤ γ ≤ 178). First, we calculate the
inter-participant average kinematics and kinetics for each joint
at each step height. For this average, we combine right and left
leg joint data assuming symmetry and utilize only the second,
full stair stride where a force-plate was available to detect FS
and TO. We also calculate the inter-participant average stance
phase variable trajectory at each step height.

In principle, our goal in model fitting is to identify the
optimal impedance parameter coefficient matrices X∗

K , X∗
B ,

and X∗
θ that best reproduce the average mass-normalized joint

torque trajectories τ in the dataset given the dataset kinematics.
Because each column of the parameter matrices only affects
the impedance for a single step height, each column can be
solved independently and re-assembled for the final model.

1) Optimization Cost Function: Let x∗
k,i, x

∗
B,i, and x∗

θ,i be
the ith columns of X∗

K , X∗
B , and X∗

θ , respectively. Similarly,
let τi, θi, and θ̇i, be vectors of length n of the average dataset
torques, joint angles, and joint velocities for the respective
step height. Let si be a vector containing the average stance
phase variable trajectory based on the dataset thigh kinematics
and the definitions given in Sec. III-A. This parameterization
allows the optimization to account for a potentially nonlinear
relationship between our phase variable and normalized time
in real-time use. Given these data, we wish to solve the
following optimization problem for each step height γi based
on a modified squared error metric:

{x∗
K,i, x

∗
B,i, x

∗
θ,i} = argmin ∥ τi − τ̂ ∥22 +J ∥Yiτ̂s∥22 , (13)

where

τ̂s = K(si, γi)(θeq(si, γi)− θi),

τ̂ = τ̂s −B(si, γi)θ̇i,

J = 1 for knee, J = 0 for ankle.

Here, Yi ∈ Rn×n is a constant diagonal weighting matrix
that penalizes the spring torque τ̂s in late stance during stair

descent. This matrix Yi = diag(yi) is defined by a piecewise-
linear-in-phase weight vector yi ∈ Rn×1. For stair ascent, yi =
0n×1. For stair descent, we define yi for each data point j as

yi[j] = max

(
0, 1− n− j

n− jmid

)
, (14)

where jmid denotes the data point at the midpoint between
when MHE and peak knee torque occur during descent.
We added this spring torque penalty to the cost function
to encourage the optimization to select solutions where late
stance torque is mostly provided through damping. We desire
this behavior because, in late stance, the thigh angular velocity
is small compared to larger angular velocities at the knee and
ankle. Due to our thigh-based phase variable, low thigh veloc-
ity results in slowly changing impedance parameters, which
may inhibit the desired joint progression rates if dominated
by spring-like behavior. This cost function modification is
also inspired by the damping behavior exhibited by passive
prosthetic knees, which have been shown to emulate AB knee
kinematics and kinetics during stair descent [17], [18].

However, the optimization problem (13) is non-convex,
meaning that globally optimal solutions cannot be guaranteed
or solved for efficiently. Our past work [36] showed that by
making the substitution

K(sst, γ)θeq(sst, γ) = δ(sst, γ) = w(γ)⊤X⊤
δ

s0st
...

s2dst

 (15)

and treating the Xδ ∈ R2d+1×8 coefficients as new, indepen-
dent parameters similar to [42], the problem can be reduced
to a convex quadratic program [36]. Specifically, if we define
a decision vector x ∈ R4d+3×1 =

[
x⊤
K,i, x

⊤
B,i, x

⊤
δ,i

]⊤
, where

xδ,i are the columns of Xδ , the cost function defined in (13)
becomes linear in the unknown parameters. Let the jth column
in α ∈ R4d+3×n be defined as

α[j] = −[θijs
0
ij , . . . , θijs

d
ij , θ̇ijs

0
ij , . . . ,

θ̇ijs
d
ij ,−s0ij , . . . ,−s2dij ]

⊤,
(16)

where subscript j denotes the jth component in each vector
of length n. Let the jth column in β ∈ R4d+3×n be defined
as

β[j] =
[
−θijs

0
ij , . . . ,−θijs

d
ij , 01×d, s0ij , . . . , s

2d
ij

]⊤
. (17)

Then, the cost function L(x) can be written as the quadratic
function

L(x) = τ⊤i τi − f⊤x+ x⊤Hx, (18)

where
H = αα⊤ + βYiYiβ

⊤, f = 2ατi. (19)

2) Optimization Constraints: To prevent overfitting we
added a diagonal regularization matrix Λ ∈ R4d+3×4d+3

to penalize the L2 norm of x. The diagonal entries in Λ
corresponding to the regularization weights on xk,i and xb,i

were 1e−4 for ascent and 1e−5 for descent. For weights on
xδ,i, the diagonal entries were 1e−10 for ascent and 1e−7 for
descent. These hyperparameters were chosen during model
fitting to produce a smooth model to capture general behavior
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Fig. 2. Plots of the calculated stair ascent impedance functions for stiffness K(sst, γ), damping B(sst, γ), and equilibrium angle θeq(sst, γ) for the knee and
ankle over the range of step height configurations from ±(102 to 178) mm.

without overfitting to the training data. Regularization also
limited undesirable solutions such as an excessively large
spring torque balanced by an excessively large damping torque
in the opposite direction.

We added constraints on x such that Ax ≤ b where
A ∈ Rn×4d+3 and b ∈ Rn×1 to ensure that stiffness K(sst, γ)
and damping B(sst, γ) remained within ranges that were
both physiologically realistic and feasible for the prosthesis
to perform. The details of the construction of A are omitted
for brevity, but are available in [36]. Due to differences in
the desired joint behavior for the ankle and knee over both
ascent and descent, a different set of constraints was used for
each activity and joint combination (Table SI). A minimum
FS stiffness was chosen for each joint based on pilot trial
feedback, as participants were accustomed to the stiff behavior
of their take-home device at the start of the gait cycle. Across
both ascent and descent, torque from damping was constrained
to a maximum of 0.14 Nms/rad/kg due to limitations of
velocity filtering methods utilized in the powered prosthesis.

3) Quadratic Program: Minimizing the cost function L(x)
along with the regularization penalty x⊤Λx subject to the
inequality constraints yields the final quadratic program (QP):

minimize
x

x⊤(H + Λ)x− f⊤x,

subject to Ax ≤ b.
(20)

The positive offset τ⊤i τi originally in (18) is neglected with-
out loss of generality. We solved this QP for each step
height and joint using the MATLAB Optimization Toolbox
(R2022b). To recover the original model’s equilibrium angle
function θeq(sst, γ) in (11), we performed a least-squares fit
of δ(χp, sst)/K(χp, sst) to a d-th order polynomial at each
incline. The polynomial order was sufficiently high enough to
prevent significant approximation error. The impedance mod-
els from the training step heights γ = ±{102, 127, 152, 178}
mm are shown in Fig. 2 for ascent and Fig. S2 for descent.

C. Model Evaluation

To quantify the impedance parameter model’s reconstruction
error, we calculated τ̂ for the knee and ankle over the inter-
participant average kinematic data for each training step height
in the AB dataset using the fit impedance model. We then
calculated the root mean squared error (RMSE) in joint torque
for each step height. Note that the RMSE is distinct from the
cost function minima. Across all tasks, the average RMSEs
were ek = 0.11± 0.1 Nm/kg and ea = 0.06± 0.03 Nm/kg.

V. AMPUTEE EXPERIMENTS

A. Methods

The biomimicry of the HKIC framework for stair ascent
and descent was experimentally assessed with two amputee
participants (see Table SII for participant details). The afore-
mentioned continuously varying impedance model, generated
a-priori, was utilized across all experiments. The experimental
protocol was approved by the University of Michigan Review
Board (HUM00166976). The proposed control method was
implemented on a backdrivable, powered knee-ankle prosthe-
sis shown in Fig. 3 and designed in [13]. This prosthesis
features a quasi-direct drive, low inertia actuation design
that allows for open-loop joint impedance control and high-
bandwidth position control. A licensed prosthetist fit the
robotic prosthesis to the participants, ensured proper align-
ment, and supervised the experiment for participant safety.
Participants also wore a ceiling-mounted safety harness.

The participants each completed the experimental protocol
once with the robotic prosthesis. For comparison, participant
two (P2) also completed the same experimental protocol on a
separate testing day with his passive device (Ottobock Genium
X3) due to his unique ability to perform step-over-step stair
ascent. Photos of the experiment are shown in Fig. 3 and
videos are available in the supplementary materials.
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(a) P1: Stair Ascent (b) P2: Stair Descent

Fig. 3. Photos of above-knee amputee (AKA) participants P1 and P2
performing stair ascent and descent. (a) shows P1 in the stair ascent FS
configuration and (b) shows P2 in the stair descent FS configuration.

The experimental protocol investigated the performance of
the HKIC controller and passive device during stair ascent and
descent at four step heights on an adjustable staircase. Step
heights of 102 mm (4 in.), 127 mm (5 in.), 152 mm (6 in.),
and 178 mm (7 in.) were chosen to comply with the Americans
with Disabilities Act (ADA) [40]. Ten trials were performed
at each step height, where each trial comprised one ascent and
one descent of the staircase. A one-minute break was given
between trials, and a 5-minute break was given after the fifth
trial to mitigate any effects of fatigue. Joint kinematics and
kinetics were recorded from the robotic prosthesis. An infrared
motion capture system (Vicon Ltd. Oxford, UK) collected
sound limb and passive device kinematics.

Before the HKIC experiment day, each participant attended
an acclimation session during which they were given an
overview of the high-level functionality of the controller and
given time to acclimate to stair ascent and descent at a
moderate step height of 152 mm (the nominal ADA-compliant
step height [18]). On the day of the experiment, we gave the
participant time to acclimate to the controller at each step
height before performing a set of trials. Participants were
encouraged to limit body weight support on the handrails to
maximize the load on the device and to ascend and descend
the stairs at a consistent, comfortable pace. Note that no hand-
tuning of controller parameters was done for either participant.

P1 completed all step height configurations with the pow-
ered leg, whereas P2 was unable to do the 178 mm configura-
tion. The participant noted discomfort at the largest step height
due to the mass of the powered leg and had trouble lifting it
into the starting configuration for stair ascent (see Fig. 3 for
the example configuration). We suspect that the discomfort
was exacerbated by the participant’s shorter residual thigh,
with the large distal mass of the device creating a significant
bending moment on the socket-limb interface. Due to this
issue, we present only data from the lower three step height
configurations for P2 using the powered leg.

A similar experimental protocol was followed on a different
day for P2’s passive device trials. Since the participant was
familiar with the prosthesis’ stair ambulation behavior from
daily use, there was no session dedicated to acclimation
prior to the experiment. The participant used a specific hip
motion to activate and maintain stair ascent behavior with their
take-home device. However, the device occasionally failed
to trigger stair ascent mode causing the participant to kick
the stair before having to re-attempt the motion. These trials

were discarded and additional trials were performed until ten
successful trials were performed at each step height.

Kinematic and kinetic data were compared between the
robotic prosthesis running our novel controller (HKIC), the
passive device (PAS), and the able-bodied (AB) reference. The
AB reference represents the inter-subject average steady-state
stride at each step height configuration from the open-source
biomechanics dataset [26] used to train our impedance model.
We designated the second full stair stride as the steady-state
stride for both the HKIC and PAS trials. Biomechanics results
that are noteworthy (e.g., within a standard deviation of the
AB reference) are bolded. Additional results and figures are
available in the supplementary materials.

B. Stair Ascent Results

1) Phase Variable: Fig. 4 shows the resulting phase vari-
able for each participant, showing its ability to parameterize
the gait cycle and the effectiveness of the geometry individu-
alization. Both participants’ phase variables (Fig. 4a) showed
monotonic behavior with little to no saturation for the majority
of the gait cycle. However, phase saturation occurred for P1
towards the end of the gait cycle (see Discussion). The mea-
sured thigh angle features for both participants at foot-strike
and MHF (Fig. 4b,4e) closely matched the predicted feature
angles from the geometry individualization. The thigh angles
at MHE and TO (Fig. 4c,4d) were smaller than the predicted
values and showed larger variability for both participants.

2) Kinematics: Fig. 5 shows the intra-participant kinematic
trajectories over stance and swing for the HKIC and PAS
kinematics compared to the AB reference. The kinematic
trajectories at both the knee and ankle joint produced by the
HKIC at steady-state resembled that of the inter-participant
AB kinematics at each step height tested. The PAS kinematics
at the knee resembled the AB reference in both shape and
trend but reached levels of extension and flexion that are not
seen in biological data. While this extreme knee ROM likely
contributed to the larger amount of toe-clearance exhibited by
the PAS device to prevent toe-stubs (see supplementary video),
a non-biomimetic thigh motion was required to achieve this.
Throughout the gait cycle, the PAS ankle had a limited range
of motion and was unable to provide biomimetic plantarflexion
and dorsiflexion.

Table SIII shows the kinematic ROM of the HKIC, PAS,
and AB joints across step heights. At the nominal step height
of 152 mm, the HKIC achieved average peak knee flexion
angles of 94.13 deg for P1 and 93.58 deg for P2, allowing step
clearance during swing without toe stubbing. Unlike the PAS
knee, which reached an excessive peak flexion angle of 122.39
deg, both participants’ peak knee flexion with the HKIC were
within one standard deviation of the AB peak of 96.31±5.4
deg. At FS, the HKIC produced average knee angles of
69.42/69.21 deg for P1/P2 compared to the PAS knee angle of
59.93 deg and AB knee angle of 68.86±4.33 deg. At the ankle
joint, the HKIC achieved dorsiflexion angles of 24.04/26.87
deg during stance. The PAS, in contrast, showed a reduced
ankle dorsiflexion angle of 11.57 deg compared to the AB
dorsiflexion angle of 25.42±4.01 deg. Ankle plantarflexion at
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Fig. 4. Stair ascent plots of (a) phase variable trajectory averaged over step heights for both participants (shaded regions represent ± 1 standard deviation), as
well as comparisons between each participant’s estimated and experimental thigh features averaged over all four stair configurations at foot-strike (b), MHE
(c), TO (d), and MHF (e). Error bars denote ± 1 standard deviation on either side of the mean. P1 is denoted in blue and P2 is denoted in green. In plots
(b-e), bars with hatch lines denote experimental results while bars without hatching denote the estimated thigh features utilized in the control of the device.
The phase variables for both participants showcased monotonic behavior with little to no saturation at the end of the gait cycle.
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Fig. 5. Plots of stair ascent intra-participant average joint kinematics over
stance and swing for HKIC and PAS vs. AB kinematics across step height
configurations. The dashed line in these plots denotes 0 degrees on the y-
axis. The HKIC controller produced kinematics that replicated the shape and
behavior of the AB joint trajectories. While P2’s passive device kinematics
at the knee resemble AB knee kinematics, the ankle is unable to replicate
AB plantarflexion and dorsiflexion. Note that P1 was unable to perform PAS
step-over stair ascent, so their PAS kinematics are not plotted.

the end of stance, which is important for achieving push-off,
was -7.6/-5.83 deg for the HKIC compared to the AB reference
of -4.35±7.12 deg. The PAS ankle was unable to plantarflex,
remaining in a dorsiflexed configuration with a minimum ankle
angle of 5.78 deg.

3) Kinetics: Fig. 6 reports the intra-participant average
and individual trial joint kinetic trajectories for the 102 mm
and 152 mm step heights, representing shallow and steep
staircase configurations. We focus on the stance period where
the impedance controller torques determine the environmental
interaction experienced by the user. The individual trials were
included to showcase how the HKIC was able to accommodate
changes in stride timing while providing joint torques that are
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Fig. 6. The participants’ individual trial and intra-participant average joint
torques for stair ascent at the 102 (a) and 105 (b) mm step height configura-
tions in comparison to the mean (±1 standard deviation) AB reference torque
profiles, denoted in grey. The average torque for each joint is denoted with
an opaque color while the individual trial or standard deviation curves are
denoted with a lighter color. The dashed black line denotes 0 Nm/kg on the
y-axis. The HKIC produced smooth kinetic trajectories at both step heights,
increasing knee extension torque and ankle push-off torque as step height
increased.

similar in shape and magnitude to the AB reference. Pertinent
features of the joint kinetics across all step heights are shown
in Table SV.

At the step height of 102 mm (see Fig. 6a), the mean
HKIC knee kinetic trajectories of both participants resembled
that of the AB references, achieving peak moments of -0.84/-
0.81 Nm/kg for P1/P2. At the ankle, both participants match
the AB reference in torque magnitude in early to mid-stance
but applied less torque during push-off (-1.03/-0.72 Nm/kg
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for P1/P2). At the step height of 152 mm (see Fig. 6b), the
mean HKIC knee torque trajectories of both participants are
similar to that of the AB reference trajectory. The participants’
average peak knee torques were within a standard deviation
of the AB average with peaks of -1.22/-1.21 Nm/kg. Similar
to the 102 mm step height, both participants’ ankle torque
matched that of the AB reference throughout the majority of
stance but fell short at pushoff. However, the pushoff torque
at the ankle on the 152 mm configuration increased relative to
the 102 mm configuration to help facilitate the larger stair
rise with -0.96 Nm/kg for P2, while remaining consistent
for P1 at approximately -1.02 Nm/kg. At both step height
configurations, P2’s HKIC torque trajectories showed varying
stance progression and peak torque timings, whereas P1’s
results showed more consistent stance progression and peak
torque timing across trials.

The HKIC provided the net-positive work necessary for
stair ascent (see Table SV in the supplementary material),
producing biological trends similar to able-bodied data as
step-height varied. The knee joint imitated biological work
particularly well, producing an average of 0.61/0.58 J/kg at
the knee for both participants at the 152 mm configuration,
which is within one standard deviation of the AB reference
value of 0.51±0.18 J/kg. Similarly, at 102 mm, the knee
provided 0.33/0.32 J/kg, again within a standard deviation of
the AB reference of 0.34±0.14. The ankle joint produced, on
average, lower net-positive work than the AB reference for
both participants, but P1’s ankle work was within a standard
deviation of the AB reference for all step heights. Despite
the lower average net-positive work, the ankle joint produced
biological trends similar to the knee, increasing from 0.15/0.06
J/kg at 102 mm to 0.24/0.14 J/kg at 152 mm.

C. Stair Descent Results

1) Phase Variable: Fig. 7 highlights phase and thigh feature
prediction results over all stair descent trials. P1’s average
phase variable exhibited monotonic behavior for the majority
of the gait cycle but was saturated at the start and during
the last tenth of the gait cycle. This saturation at the end of
the stride is likely caused by the larger MHF angle reached by
P1 in comparison to the predicted phase variable parameter, as
shown in Fig. 7e. P2 similarly showed phase saturation for the
first ten percent of the gait cycle but then exhibited monotonic
behavior for the majority of the stride. At foot-strike (Fig. 7b)
the predicted thigh angle parameter was within a standard
deviation of P2’s foot-strike angle. P1’s average MHE angle
similarly stayed within a standard deviation of predicted thigh
angle. At TO, there was a large discrepancy between P2’s
predicted thigh angle and the experimental results, implying
early TO from the participant. While P1’s average TO thigh
angle was within a standard deviation of the predicted value,
the large standard deviation points to inconsistency in TO
angle across trials and activities.

2) Kinematics: Fig. 8 showcases the intra-participant kine-
matic trajectories over stance and swing for the HKIC and
PAS kinematics compared to the AB reference. Across the
four step heights considered in this study, the stance kinematic

trajectories produced by the HKIC at both the knee and ankle
joints at steady-state resembled that of the inter-participant
AB kinematics. While P2’s swing kinematics resembled the
AB reference, P1’s swing kinematics followed AB trends but
progress rapidly at the beginning of swing and then remained
almost constant for the latter half of swing. This behavior
was likely a result of the phase saturation at this point in the
gait cycle, shown in Fig. 7a. Both participants exhibited knee
kinematics with similar profiles to the AB reference for the
majority of stance. However, the PAS ankle had a limited range
of motion and was unable to provide biomimetic plantarflexion
and dorsiflexion. To compensate for the minimal ankle ROM,
the participant placed their foot at the end of the step, using
the edge as a pivot point to achieve knee flexion.

Table SIV showcases the kinematic ROM of the HKIC,
passive, and AB joints over step heights. At the nominal 152
mm step height, the HKIC achieved biomimetic levels of knee
flexion during swing to avoid toe-stubbing with average peak
knee flexion angles of 91.38±3.00 deg for P1 and 88.40±2.39
deg for P2. At FS, the HKIC reached knee extension angles
of 20.38/17.06 deg for P1/P2, within one standard deviation
of the AB reference of 19.96±6.40 deg. The HKIC ankle
reached dorsiflexion angles of 30.75/36.63 deg during stance
and plantarflexion angles of -10.08/-7.48 deg at FS. Despite
showing biological trends over step height for stair descent, the
PAS knee showed higher kinematic errors at key points in the
gait cycle compared to the HKIC (Table SIV). The PAS ankle
similarly underperformed in comparison to both the HKIC and
AB reference due to its limited ROM, forcing P2 to perform
compensatory lunging and edge-of-step pivot behaviors that
likely negatively impacted PAS knee performance.

3) Kinetics: In stair descent, both participants’ HKIC ankle
and knee joint kinetic profiles resembled that of the AB
reference. Fig. 9 reports the intra-participant average and
individual trial kinetic trajectories at both joints for the 102
mm and 152 mm step heights. Kinetic performance across all
step height configurations is shown in Table SVI.

At the minimum step height of 102 mm, the HKIC reached
biomimetic peak knee extension torques of -0.83±0.06 Nm/kg
for P1 and -0.77±0.05 Nm/kg for P2. The HKIC also reached
biomimetic peak torques at the ankle for both participants (-
0.76/-0.81 Nm/kg). At the nominal step height, the peak torque
was -1.05/-0.94 Nm/kg at the knee and -0.84/-1.06 Nm/kg at
the ankle for P1/P2. Across these step height configurations,
both participants’ peak joint torques were within a standard
deviation of the AB references and generally increased in
magnitude with step height following biological trends.

During descent, the HKIC provided controlled negative
work at the joints. The HKIC knee joint performed -0.56/-
0.33 J/kg at the nominal 152 mm step height and -0.34/-0.15
J/kg at the 102 mm step height, which were less than AB. The
HKIC results for both participants followed biological trends
of increasing magnitude of work with increased step height.
On the other hand, the HKIC ankle provided biomimetic
negative work of -0.3/-0.39 J/kg at 152 mm and -0.22/-0.27
J/kg at 102 mm, which are within a standard deviation of the
reference AB values -0.44±0.15 J/kg and -0.26±0.13 J/kg.
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Fig. 7. Stair descent plots of (a) inter-step height mean phase variable for both participants (shaded regions represent ± 1 standard deviation), as well as
comparisons between each participant’s average (±1 standard deviation) estimated and experimental thigh features over all four configurations at foot-strike
(b), MHE (c), TO (d), and MHF (e), during stair descent. P1 is denoted in indigo and P2 is denoted in green. In plots (b-e), bars with hatch lines denote
experimental results while bars without hatching denote the estimated thigh features utilized in the control of the device. The phase variables for both
participants showcased monotonic behavior during the majority of the gait cycle with saturation at the start of the gait cycle.
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Fig. 8. Plots of intra-participant average stair descent joint kinematics over
stance and swing for powered and passive devices vs. AB kinematics across
step height configurations. The dashed line in these plots denotes 0 degrees
on the y-axis. The HKIC controller produced kinematics that replicated the
shape and behavior of the AB joint trajectories. While P2’s passive device
stance kinematics at the knee resembles AB knee kinematics, the ankle is
unable to replicate AB plantarflexion and dorsiflexion.

VI. DISCUSSION

A. HKIC Performance

The indirect-volitional HKIC was able to handle variations
in stance progression and timing differences between different
trials, step height configurations, and participants. The average
phase progression during stair locomotion was monotonic
throughout the majority of the gait cycle for ascent and
descent (Figs. 4 & 7). This monotonic behavior, along with
the similarity of many observed and estimated thigh features,
points to the strength of the thigh feature estimation paradigm
proposed in this work.

However, P1 exhibited phase saturation over the last ten
percent of the stair descent stride. Normally, saturation or
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Fig. 9. The participants’ individual trial and intra-participant average joint
torques for stair descent at the 102 (a) and 152 mm (b) step height config-
urations in comparison to the mean (±1 standard deviation) AB reference
torque profiles, denoted in grey. The average torque for each joint is denoted
with an opaque color while the individual trial or standard deviation curves
are denoted with a lighter color. The dashed black line denotes 0 Nm/kg on
the y-axis. The HKIC controller produced kinetic trajectories that resembled
AB data at both step heights, increasing knee extension torque in mid-to-
late stance and ankle torque for early-stance energy absorption as step height
increased.

pauses in phase can cause desynchronization and can lead
to trips, falls, or oscillations. However, to promote user
confidence at FS, we biased the phase variable definition to
saturate early so the prosthetic joints would arrive at their
FS configuration early as in [36]. During stair descent trials,
P1 often waited at MHF for the feed-forward behavior of the
phase variable to bring the knee to an extended position before
proceeding with FS. P2 exhibited a similar waiting behavior
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at MHF but was more consistent in synchronizing the feed-
forward phase completion with FS, resulting in little to no
phase saturation. This could explain why an increased FS
thigh angle was observed for P1 but not for P2 (Fig. 7b).
The small pause in P1’s phase variable is the likely cause
of their abnormal swing kinematic progression during stair
descent (Fig. 8). While these kinematics may not exactly
match the progression of the AB reference when plotted over
normalized swing time due to saturation or non-linearities in
phase, this behavior showcases the indirect-volitional benefits
of our control approach by allowing user stride progression to
dictate leg behavior, synchronizing the user and device.

There were significant discrepancies and/or variations in
measured vs. predicted thigh features at TO (Figs. 4d &
7d). This may point to premature TO by the participants due
to compensatory habits that they have developed from their
passive devices. This early TO relative to the predicted angles
resulted in limited torque provided at the ankle at push-off and
subsequently below-nominal ankle work during stair ascent, as
well as less knee flexion exhibited by P2 during stair descent.
Another possible explanation for this discrepancy is that the
average AB data used to estimate thigh features does not
fully represent the individual behavior of the participants (see
Section VI-C).

For both ascent and descent, the HKIC followed biological
trends seen in AB stair locomotion, producing knee extension
and ankle plantarflexion torques during stance that increased
with step height. In swing, both participants also achieved
biomimetic levels of knee flexion with the HKIC that allowed
for clearance of the following step without toe-stubbing or
tripping. During stair ascent, the HKIC produced the necessary
joint torques (Fig. 6) at the knee and net-positive work at
both joints for multiple step height configurations (Table SV),
following biological trends of increasing joint work and peak
torque with increasing step height. The HKIC also produced
kinematics (Fig. 5) that resembled the AB reference data. The
HKIC provided biomimetic plantarflexion angles in tandem
with push-off torques at the ankle, which was unachievable
with the PAS due to its limited ROM (Table SIII).

In stair descent, the HKIC enabled biologically-similar
kinematics (Fig. 8) and kinetics (Fig. 9) at the ankle, producing
peak plantarflexion torques within a standard deviation of the
AB reference across step heights. At the nominal 152 mm step
height, the HKIC provided biomimetic, controlled negative
work at the ankle (Table SVI) and allowed biomimetic levels
of ankle plantarflexion at FS, exhibiting toe-strike behavior
and energy dissipation [1]. Across step height configurations,
the HKIC showed biological trends of increasing magnitude of
ankle work with step height. The PAS was unable to provide
the same level of ankle plantarflexion, resulting in a heel-strike
behavior at the beginning of stance that does not allow for the
same absorption of energy [9], [18]. Instead, passive device
users must compensate with their residual hip or contralateral
limb [17]. The HKIC also reached biological peak knee
torques for both participants, which allowed for controlled
negative work and support that characterize AB stair descent
during mid to late stance. However, the torque provided at
the knee in early stance was constrained due to continuity

requirements in the optimization and hardware limitations
(see Section VI-C). Despite this limitation, the peak knee
torque and work provided by the HKIC generally followed
biological trends of increasing torque and work magnitudes
with increasing step heights.

During our experimental sessions, we received positive
qualitative feedback from both participants. P1 voiced a pref-
erence for the ability of the HKIC to perform step-over stair
ascent, an activity they are unable to perform with their PAS
device. P2 voiced a preference for stair descent due to the
support provided by the HKIC; note that P2 was already
capable of a modified step-over ascent using their passive
device. Both participants found it helpful that the HKIC did not
require them to perform the compensatory lunging behavior
they needed to use during passive device stair descent. We
noted that P1 acclimated quickly to stair ascent but struggled
more with stair descent due to 1) the tendency to perform
their accustomed compensatory lunging behavior and 2) a
hesitancy to trust the device to support them as they neared
terminal stance. P2, on the other hand, acclimated quickly
to stair descent but took more strides to acclimate to stair
ascent. In particular, it took time for P2 to learn to avoid the
compensatory hip whipping motion that they use to perform
step-over stair ascent with their passive device.

B. Comparison to the State of the Art

The closest approach for indirect volitional knee-ankle
prosthesis control over stairs is the method proposed by the
Utah Bionic Engineering Lab (BEL) in [39], though for stair
ascent only. Rather than using data-driven optimization, the
BEL control approach uses hand-tuned heuristics to modulate
stance kinetics and swing kinematics. Notable advantages of
the BEL controller include the ability to 1) handle multiple gait
patterns such as step-to, step-over, and two-step stair ascent,
and 2) automatically adapt to user behavior over different step
heights (specifically 102 mm and 178 mm) within the ADA-
compliant range. On the other hand, our data-driven HKIC
control approach was only designed for the traditional step-
over gait pattern and cannot adapt to changes in step height
or user gait without the use of a high-level classifier.

However, our HKIC approach has several advantages over
the BEL approach. In particular, our controller exhibited bio-
logically similar results across stairstep heights, whereas the
BEL approach was not compared to biological reference data
or evaluated for biomimicry. Another limitation of the BEL
approach is that it was only validated with one experienced
participant. Both controllers show biological trends in stair
ascent at the knee, with maximum flexion, peak torque, and
work scaling with step height. However, the BEL approach
was only validated at two of the four step heights validated
in this work. Unlike the BEL approach, the HKIC approach
does not rely on hand tuning of participant-specific controller
parameters. The most notable difference between the BEL and
HKIC control approaches is the HKIC extends to both stair
ascent and descent, whereas the BEL heuristic approach is
limited to just performing stair ascent.
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C. Limitations and Future Work

Our study was limited to only two amputees participating
in a single experiment session with a short acclimation period.
Future work could incorporate more acclimation time, as our
participants noted that they often felt more comfortable on
the powered device at the end of the experimental session
compared to the start. Further improvements can also be made
to our acclimation training approach following the outlined
training guidelines seen in [43].

The impedance model may have also limited kinetic per-
formance at the knee joint during stair descent. Due to
the continuous nature of our model parameters, torque from
stiffness must be sacrificed at the start of the gait cycle to
achieve the necessary late-stance damping at the knee. A
higher-order model could be used to reduce this limitation,
but at the risk of introducing too many degrees of freedom in
the optimization and overfitting. This limitation may explain
why both participants achieved biomimetic peak knee torques
during mid to late stance yet performed less total work (Figs. 9
& Table SVI). It is also possible that using different basis
functions for the knee could mitigate this issue. Further, the
powered leg used in this study was limited in its ability to
provide biomimetic damping torques at both joints during stair
descent due to the implemented velocity filtering methods.

The supplemental video shows that P2 often completed
trials faster with his take-home device than with the powered
one. We hypothesize that one factor in this speed discrepancy
is the powered prosthetic leg used in the experiment, which
is much heavier and relatively unfamiliar compared to the
users’ passive devices. However, it is possible that the HKIC
provides other clinical benefits whose value outweighs this
decrease in speed, such as increased endurance [44]. We hope
to understand these clinical trade-offs better in future work and
to investigate the HKIC approach with lighter-weight powered
prostheses capable of accurate impedance control that may be
less detrimental to user agility.

Thigh feature estimation based on participant geometry
showed promise across both stair ascent and descent, though
discrepancies at TO and MHF during stair descent demonstrate
a need for improvement and further evaluation. This offline
estimation method may also limit the controller’s performance
because it does not adapt online to the participant’s behavior.
These limitations could potentially be addressed by automated
tuning of parameters for individual users, such as the meth-
ods investigated in [45], and online feature adaptation over
multiple strides as in [36].

The presented modeling and feature estimation methods
assume the inter-subject averages of the AB dataset adequately
represent the behavior of our participants. However, individu-
als’ kinetics and kinematics are known to vary from the mean
[46]. Variation can also be seen by comparing the different
datasets utilized across the field of powered-prosthetic control,
whether due to participant individuality or the margin for error
in data capture. For example, the raw dataset used in this work
[26] exhibits a positive offset in ankle ascent kinematics and
knee descent kinematics in comparison to other biomechanical
studies [25], [27]. As a result, our impedance parameter model

and thigh feature estimation paradigm may be biased toward
increased positive joint flexion. This could explain the early
TO exhibited by P2 during stair descent (Fig 7d).

Though our presented results are promising, there are multi-
ple avenues for improving our control approach’s performance
and overcoming the aforementioned limitations. Previous work
has shown that joint kinematics can vary greatly between
individuals when performing the same activity [27], [45],
[46]. Our impedance model is built to replicate average joint
kinetics given average joint kinematics, but the variance in
observed stair-climbing patterns suggests that individualized
models may be more appropriate. Initial clinically-viable in-
dividualization methods have been proposed for data-driven
models similar to our HKIC model [47], which may improve
the controller’s performance. Possible modifications include
increased push-off torque to help overcome the weight of
the device or increased knee flexion to avoid potential toe-
stubbing without the need for compensatory thigh motions.
Future work must also be done to implement some form of
real-time step height estimation to improve phase parameter
and model estimations.

Finally, there is compelling work to be done on the unifi-
cation of our HKIC controller and phase variable definitions
across activities of daily living. Future studies should focus on
modeling impedance and kinematics for transitions between
HKIC models (i.e., walk to stair ascent), as well as investigat-
ing the clinical benefits of a unified HKIC-controlled paradigm
compared to the performance of passive devices.

VII. CONCLUSION

This work presented a data-driven stair ascent and descent
controller designed to work across a variety of step heights.
This controller involved improvements to the phase estima-
tion method over previous work [35], [36], including thigh
angle feature estimation based on the user’s limb segment
lengths. Two AKA participants demonstrated the controller’s
ability to provide biologically similar joint kinematics and
kinetics across multiple step heights without impedance or
phase variable parameter tuning. The HKIC showed im-
provements over a participant’s passive device, particularly
at the ankle due to the powered ankle’s ability to provide
the necessary plantarflexion. The experiments also showcased
the controller’s capacity to provide appropriate amounts of
both positive/negative work during stair ascent/descent as step
height varied. This control method can be integrated with other
phase-based control methods in future work to enable more
biomimetic amputee locomotion over the varying activities of
daily life.
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I. HYBRID KINEMATIC-IMPEDANCE CONTROLLER (HKIC) SUPPLEMENTS

A. State Transition Criteria for Unified Phase Variable Definition

S1 S2 S3

S4S5

Fig. 1. A visual representation of the state machine that governs the unified phase variable for stair ascent and descent. The blue squares correspond to the
stance phase variable definition, while the green squares correspond to the swing phase variable definition. Refer to the main text for parameter definitions.

B. Impedance Parameter Optimization Constraints

TABLE I
IMPEDANCE PARAMETER OPTIMIZATION CONSTRAINTS

Constraint Ascent Descent
Ankle Knee Ankle Knee

min FS Stiffness Nm/kg
rad 3.5 1.5 3.0 1.0

min Stiffness Nm/kg
rad 3.5 1.0 1.0 0.5

min Damping Nms/kg
rad 0.01 0.01 0.01 0.01

max Damping Nms/kg
rad 0.14 0.14 0.14 0.14

C. Stair Descent Impedance Model

Fig. 2. Plots of the calculated stair descent impedance functions for stiffness K(sst, γ), damping B(sst, γ), and equilibrium angle θeq(sst, γ) for the knee
and ankle over the range of step height configurations from ±(102 to 178) mm.
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II. EXPERIMENT SUPPLEMENTS

A. Participant Information

TABLE II
PARTICIPANT ATTRIBUTES

ID Sex Age Mass Height Years since Etiology(yrs) (kg) (m) amputation
P1 Male 26 116 1.9 26 Congenital
P2 Male 18 76 1.8 18 Congenital

B. Kinematic Comparison Tables Across Step Heights

TABLE III
ASCENT KINEMATIC COMPARISONS ACROSS STAIR CONFIGURATIONS1

Metric
Step

Height
(mm)

AB P1 HKIC P2 HKIC P2 PAS

Max
Knee
Angle
(°)

102 88.81±5.04 85.67±1.21 81.79±5.86 111.66±8.38

127 91.45±4.91 87.86±1.34 83.85±3.05 117.82±4.57

152 96.31±5.4 94.13±0.85 93.58±1.41 122.39±2.49

178 100.34±6.28 99.52±2.91 - 125.57±1.01

Min
Knee
Angle
(°)

102 15.14±4.42 19.21±1.05 11.67±1.62 2.74±0.42

127 16.81±4.69 14.96±2.34 12.83±1.96 2.99±0.41

152 17.85±5.74 18.43±1.42 12.50±2.09 3.53±0.38

178 17.87±4.73 15.9±2.35 - 3.74±0.49

Foot-
Strike
Knee
Angle
(°)

102 56.72±3.95 56.98±1.04 56.83±4.78 53.58±2.60

127 62.46±4.36 65.03±2.36 61.07±2.81 55.95±1.99

152 68.86±4.33 69.42±1.81 69.21±4.01 59.93±3.77

178 74.03±4.18 77.93±1.21 - 57.18±2.42

Ankle
Dorsi-
flexion
Angle
(°)

102 21.91±3.22 21.77±0.51 23.10±1.04 10.61±0.82

127 23.71±3.21 23.91±0.42 24.19±1.58 10.69±0.90

152 25.42±4.01 24.04±0.63 26.87±3.05 11.57±1.79

178 26.70±5.34 27.19±0.63 - 8.22±1.08
Ankle
Plan-
tarflex-
ion
Angle
(°)

102 1.94±5.13 -0.46±0.73 1.27±0.58 4.35±0.41

127 -1.06±5.14 -3.07±0.24 -1.76±0.33 4.55±0.53

152 -4.35±7.12 -7.6±0.97 -5.83±0.85 5.78±0.32

178 -7.13±7.70 -10.49±1.05 - 3.93±0.32

Foot-
Strike
Ankle
Angle
(°)

102 18.53±3.44 19.37±0.6 19.81±3.01 6.68±0.36

127 20.02±3.68 21.53±0.87 21.19±2.70 6.81±0.53

152 21.81±5.11 23.35±0.55 25.57±4.22 7.74±0.61

178 22.87±6.14 25.78±0.51 - 6.51±0.56

1Bolded entries indicate results within a standard deviation of the AB reference.
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TABLE IV
DESCENT KINEMATIC COMPARISONS ACROSS STAIR CONFIGURATIONS2

Measure
Step

Height
(mm)

AB P1 HKIC P2 HKIC P2 PAS

Max
Knee
Angle
(°)

102 85.26±4.95 79.36±3.5 75.15±0.87 72.92±2.94

127 90.15±7.11 85.22±3.77 82.32±2.01 78.87±2.49

152 95.01±7.76 91.38±2.32 88.40±2.39 84.04±2.29

178 100.43±5.28 95.13±2.68 - 88.98±3.01

Min
Knee
Angle
(°)

102 18.44±5.13 15.63±1.84 15.88±0.81 11.48±0.39

127 19.19±5.63 17.19±2.6 15.87±3.00 11.57±0.49

152 19.62±5.99 16.56±3.43 15.97±3.37 12.29±0.44

178 19.11±4.19 13.31±3.54 - 12.38±0.53

Foot-
Strike
Knee
Angle
(°)

102 19.41±4.94 20.36±0.47 16.69±1.35 11.94±0.54

127 19.83±5.70 20.75±0.95 17.51±4.54 12.20±0.5

152 19.96±6.40 20.38±0.66 17.06±3.69 13.01±0.37

178 19.85±3.72 20.7±0.69 - 13.47±0.53

Ankle
Dorsi-
flexion
Angle
(°)

102 37.04±3.84 30.51±0.62 30.85±2.03 6.93±2.12

127 37.38±6.57 31.82±0.75 33.92±0.69 7.84±1.72

152 37.86±6.68 30.75±0.91 36.63±0.49 9.31±1.31

178 38.73±5.53 32.64±2.09 - 8.19±1.61
Ankle
Plan-
tarflex-
ion
Angle
(°)

102 -15.50±5.32 -15.9±0.72 -15.33±0.09 3.21±0.34

127 -17.51±7.34 -17.57±0.58 -16.66±0.47 3.75±0.25

152 -19.33±8.39 -20.17±0.76 -18.15±1.48 4.75±0.33

178 -22.09±5.10 -23.25±0.68 - 3.72±0.23

Foot-
Strike
Ankle
Angle
(°)

102 -5.95±5.08 -5.28±0.88 -2.76±1.18 3.99±0.17

127 -8.30±7.53 -8.37±0.58 -4.78±4.62 4.14±0.14

152 -10.43±8.18 -10.08±0.57 -7.48±5.07 4.85±0.36

178 -12.31±5.53 -11.84±0.67 - 3.88±0.13

2Bolded entries indicate results within a standard deviation of the AB reference.
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C. Kinetic Comparison Tables Across Step Heights

TABLE V
ASCENT KNEE AND ANKLE KINETICS3

Measure
Step

Height
(mm)

AB P1 HKIC P2 HKIC

Peak
Knee
Torque
(Nm/kg)

102 -0.74±0.30 -0.84±0.08 -0.81±0.08

127 -0.88±0.29 -1.12±0.11 -0.95±0.06

152 -1.04±0.31 -1.22±0.06 -1.21±0.07

178 -1.13±0.34 -1.44±0.04 -

Knee
Work
(J/kg)

102 0.34±0.14 0.33±0.03 0.32±0.05

127 0.38±0.14 0.52±0.07 0.47±0.03

152 0.51±0.18 0.61±0.05 0.58±0.07

178 0.59±0.21 0.82±0.06 -

Peak
Ankle
Torque
(Nm/kg)

102 -1.34±0.24 -1.03±0.03 -0.72±0.14

127 -1.36±0.26 -0.95±0.06 -0.86±0.06

152 -1.41±0.26 -1.02±0.05 -0.96±0.08

178 -1.39±0.26 -0.98±0.07 -

Ankle
Work
(J/kg)

102 0.22±0.1 0.15±0.01 0.06±0.02

127 0.30±0.13 0.17±0.02 0.07±0.03

152 0.37±0.14 0.24±0.02 0.14±0.06

178 0.46±0.15 0.34±0.02 -

3Bolded entries indicate results within a standard deviation of the AB reference or match and/or exceed AB Normative performance.
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TABLE VI
DESCENT KNEE AND ANKLE KINETICS4

Measure
Step

Height
(mm)

AB P1 HKIC P2 HKIC

Peak
Knee
Torque
(Nm/kg)

102 -0.98±0.24 -0.83±0.06 -0.77±0.05

127 -1.03±0.24 -1.25±0.21 -0.78±0.07

152 -1.12±0.27 -1.05±0.27 -0.94±0.06

178 -1.20±0.28 -1.07±0.14 -

Knee
Work
(J/kg)

102 -0.65±0.15 -0.34±0.07 -0.15±0.04

127 -0.8±0.19 -0.53±0.13 -0.25±0.04

152 -0.89±0.18 -0.56±0.15 -0.33±0.03

178 -1.04±0.21 -0.59±0.12 -

Peak
Ankle
Torque
(Nm/kg)

102 -0.96±0.24 -0.76±0.04 -0.81±0.08

127 -1.01±0.23 -0.98±0.12 -0.99±0.08

152 -1.01±0.36 -0.84±0.11 -1.06±0.05

178 -1.07±0.26 -0.92±0.06 -

Ankle
Work
(J/kg)

102 -0.26±0.13 -0.22±0.01 -0.27±0.03

127 -0.35±0.13 -0.35±0.03 -0.37±0.03

152 -0.44±0.15 -0.3±0.06 -0.39±0.06

178 -0.51±0.15 -0.27±0.02 -

4Bolded entries indicate results within a standard deviation of the AB reference.
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