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A Compensated Open-Loop Impedance
Controller Evaluated on the Second-Generation
Open-Source Leg Prosthesis
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Abstracti—Accurate impedance control is key for
biomimetic mechanical behavior in lower-limb robotic
prostheses. However, due to compliance, friction, and
inertia in the drivetrain, the commonly used open-loop
impedance control strategy can often produce inaccurate
results without appropriate compensation. This article
presents a controller that accounts for these dynamics to
improve the impedance rendering accuracy of a robotic
prosthesis research platform, the Open-Source Leg (OSL
v2). We first develop a dynamic model of the OSL v2’s
drivetrain and show that it accurately predicts the system’s
joint torque with 97% mean explained variance across a
diverse array of experiments. We then present a controller
that compensates for the OSL v2’s inherent dynamics using
a combination of feedback linearization and actuator-state
feedback control. We experimentally validate this controller
on the OSL v2 with a rotary dynamometer and in treadmill
walking experiments. We show that it can render various
constant impedance behaviors with higher stiffness and
damping accuracy than a baseline controller. We also show
our controller’s ability to replicate the variable impedance
trajectories of the human ankle joint, suggesting that this
control approach could enable robotic prostheses that are
biomimetic in their mechanical impedance in addition to
their kinematics and kinetics.
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[. INTRODUCTION

OWER-LIMB prostheses that restore normative biome-
L chanics have the potential to improve community mobility
for people living with amputation. Individuals with amputation
often exhibit slower gait speeds [1], increased fall risk [2], lower
back pain [3], osteoarthritis [4], and lower community engage-
ment [5S] when compared to able-bodied populations. Modern
variable-damping prostheses, commonly known as “micropro-
cessor controlled” prostheses, have been shown to increase
speed and user confidence compared to mechanical prosthe-
ses [6], but are fundamentally limited by their passive nature.
Most commercially-available prostheses are unable to provide
net-positive energy, and thus cannot fully replace the role of
biological muscles to produce the limb mechanics needed for
many activities of daily life (e.g., stair ascent) [7], [8]. Thus,
powered prostheses have been proposed as an alternative, as
their motors could be used to actively supply energy and more
closely emulate biological limbs.

Despite their promise, powered prostheses have remained
primarily in academia due to the challenge of developing their
control strategies, among other factors [9], [10], [11]. While
weight, cost, and audible noise are ever-present barriers, the
development of successful control strategies is particularly chal-
lenging due to the heterogeneous nature of real-world ambula-
tion. The appropriate control actions at any given moment can
depend on many highly-variable factors including the terrain and
the user’s intent. Thus, effective and robust control of robotic
prostheses remains a challenge and an active research area [11].

The Open-Source Leg (OSL) project aims to address this
challenge by enabling academic researchers to investigate con-
trol strategies for robotic prostheses on a common hardware
and software platform [12]. The newly developed second gen-
eration OSL (OSL v2) is a robotic knee-ankle prosthesis that
was designed to assist researchers by easing the burden to
manufacture, assemble, and control the prosthesis. The system
is comprised of off-the-shelf actuation and easily manufactured
components, with fully open-source design files and software
available to the research community [13]. As an openly designed
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robotic prosthesis, the OSL v2 allows researchers to focus their
efforts on developing novel and transformative solutions for
control without having to first design their own hardware from
scratch.

Impedance control is a common strategy used in lower-limb
prostheses to create mechanical behaviors that emulate human
walking [9], [10], [11], [12], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23]. It is a middle-ground between kinematic
control and force/torque control, where the desired joint torque
is calculated to emulate a spring-damper system with a joint
stiffness K, viscous damping B, and equilibrium angle 0.
Many impedance controllers operate in open-loop, meaning that
the output torque at the joint is not directly measured and used
for feedback [9], [10], [12], [16], [17], [18], [19], [20], [21], [22],
[23]. In practice, many open-loop impedance controllers assume
a proportional relationship between the joint torque and the
motor current, neglecting the effects of transmission elasticity,
friction, and inertia [12], [16], [18], [19], [20], [22], [23], [24],
[25], [26]. While this assumption has been shown to be valid
for some hardware with low transmission ratios (e.g., [18]),
previous work on the OSL v2’s hardware showed that significant
drivetrain dynamics can exist even for a motor with a low gear
ratio [27]. These dynamics caused an open-loop impedance
controller that assumed proportionality between motor current
and joint torque to produce inaccurate impedance rendering,
particularly as the transmission ratio of the actuator was in-
creased. These findings indicate that, even for simple, low-ratio
drivetrains, open-loop impedance control without compensation
may be insufficient to render accurate joint dynamics.

Historically, two primary approaches have been used to im-
prove the output impedance accuracy of a robot, including pros-
theses. The first is to simply implement closed-loop impedance
control (i.e., adding a sensor to directly measure output torque).
This can be achieved, e.g., using a load cell as in [14] or a
series elastic actuator (SEA) as in [28], [29], [30], and [31].
However, concerns regarding mass, cost, volume, and control
bandwidth often accompany this approach. Another approach is
to use parameterized models of the system’s dynamics along
with feedback controllers to cancel or otherwise modify the
unwanted aspects of the system’s behavior. This approach has
been successfully used for low-frequency inertia compensa-
tion [32] and friction compensation [28], [33], [34]. However,
model-based compensation requires accurate estimates of the
model parameters and can suffer from instability due to model
errors, particularly when attempting to compensate for inertia.

In this article, we present a control strategy for the OSL v2
that improves its ability to accurately render a desired joint
impedance, parameterized by stiffness and damping. We build
upon our previous work [27], which suggested a linear map
to improve the impedance rendering of the actuator alone, by
proposing a model-based compensation strategy for the full
OSL v2 drivetrain. We first show that the OSL v2’s actuator
and belt-drive transmission display inertial, dissipative, and
nonlinear elastic behaviors, and we provide a model that de-
scribes these behaviors with high accuracy. We use this model
with a combination of feedback linearization and actuator-state
feedback control to modify the system dynamics and improve
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the accuracy of the OSL v2’s mechanical impedance rendering.
We then validate our controller by experimentally characterizing
the OSL v2’s rendered impedance on a rotary dynamometer,
demonstrating a substantial improvement in accuracy when
compared to a baseline uncompensated controller. We also show
that our controller can render the impedance trajectories of
the human ankle joint during walking [35], [36], [37], [38],
enabling the future development of prosthesis controllers that
could provide biologically appropriate mechanical impedance,
in addition to providing biomimetic kinetics and kinematics
during locomotion. Our specific contributions are as follows:

1) anoverview of the second-generation Open-Source Leg’s
design and capabilities;

2) aparametric model of the OSL v2’s drivetrain dynamics,
which predicted the output joint torque within an average
of 5.2% of peak values and demonstrated a 97% mean
variance accounted for (VAF) across dynamometer ex-
periments;

3) anovel application of feedback linearization and actuator-
state feedback control that accounts for the undesired
drivetrain dynamics and improves the accuracy of the
OSL v2’s mechanical impedance rendering;

4) athorough validation of the proposed impedance control
method, quantifying its performance improvements rela-
tive to a baseline uncompensated controller during both
dynamometer and treadmill walking experiments.

Our goal was to advance a method to enable accurate
impedance control for the OSL community [12], [20], [26],
[39], [40], [41], [42] and for other robotic systems with sim-
ilar architectures. By providing a common high-performance
hardware and control ecosystem, we aim to help accelerate the
development of new control solutions for robotic leg prostheses.

Il. SECOND-GENERATION OPEN SOURCE LEG

The second-generation Open-Source Leg (OSL v2, Fig. 1) is
a novel iteration of the first-generation OSL, presented in [12]
and [43]. As this is the first publication using the OSL v2, this
section provides an overview of its updated hardware design
and the notable changes from its predecessor. These changes,
which were largely informed by feedback from the OSL com-
munity, focused on reducing the system’s complexity with fewer
custom-machined parts, making the OSL more portable and
self-contained to facilitate research experiments outside lab-
oratory environments, and enhancing the system’s technical
abilities by improving the hardware design and the options for
researcher-specific customization.

During the redesign process, we favored new designs com-
prising more off-the-shelf components to reduce hardware costs
(~$ 19000) and to simplify the assembly process relative to the
OSL v1. Our chosen design features off-the-shelf battery packs
(Dephy BA30, Boxborough, MA, USA), improving safety and
eliminating the need for additional battery management systems.
The knee and ankle joints feature identical drivetrains, consisting
of a quasi-direct drive actuator that comprises an exterior rotor
brushless motor and an integrated 9:1 planetary gear reduction
(Dephy ActPack 4.1, Boxborough, MA, USA based on the



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BEST et al.: COMPENSATED OPEN-LOOP IMPEDANCE CONTROLLER EVALUATED ON THE SECOND-GENERATION 3

Fig. 1. CAD rendering of the second-generation Open-Source Leg
(OSL v2) next to a wire-frame model highlighting its drivetrain and con-
trol components. From this view, one can see the identical construction
of the knee (a) and ankle (b) joint drivetrains, consisting of an actuator
module (c) and a single-stage belt-drive transmission (d). An idler pulley
on an eccentric shaft (e) provides tunable belt tension. Batteries with
an integrated management system (f) power the actuators and the inte-
grated single-board computer (g). Additional renderings are available in
the supplemental material.

T-motor AK80-9, Nanchang, Jiangxi, China), and a single-stage
belt transmission with an 4.61:1 reduction (Powergrip GT3
45mm width, Gates, Denver, CO). The design recommends
3mm pitch belts, but includes an option to be assembled with
Smm pitch belts; these belts are stiffer but have greater output
impedance. The identical construction between the knee and
ankle subsystems allows for part sharing and simplifies the
low-level control problem, enabling the same characterization,
model, and control to be applied to both.

The actuator and transmission components were sized to
provide sufficient peak torque capacity (~ 160 Nm for 10 s)
to enable research into various ambulation activities. The only
differences between the knee and ankle joints are their ranges
of motion, which are [0°, 120°] and [—30°, 30°], respectively.
The ankle’s range of motion of 60° is a significant improvement
over the OSL v1’s ankle range of [—15°, 15° ]. This facilitates
the use of the OSL v2 for various activities involving stairs and
ramps more effectively. The OSL v2 is also compatible with two
foot options: 1) the Variflex LP (Ossur, Reykjavik, Iceland); and
2) a stiff, low-profile fiberglass foot. The Variflex provides a
compliant ground interaction that users are likely used to, while
the fiberglass foot provides lower build heights and gives the
researcher more control over the ankle mechanics. In this work,
we use the fiberglass foot.

Other notable changes from the original OSL include new
housings (7075-T6 aluminum), which provide for a minimum
build height of 451mm and a total assembled mass (knee-ankle)
of 5.4 kg including the batteries and electronics. This makes
the OSL v2 a fully self-contained system that can be used to
conduct research experiments outside of a traditional laboratory
setting. We also created a new belt tensioning system with an
idler pulley that rotates about an eccentric shaft, which can

be adjusted in increments of 5° to tension the belt. This new
tensioning system is easier, faster, and more precise. Finally, the
hardware, electronics, and software library were all intentionally
designed to be modular, allowing the OSL v2 to be used in
various configurations depending on the researchers’ needs (e.g.,
knee only operation).

The OSL v2’s control logic is executed at 300 Hz on a
single-board computer (Raspberry Pi 4B+, Cambridge, U.K.)
integrated into the knee housing. The standard sensor suite
includes motor encoders, joint encoders, and a 6-axis load cell
mounted midshank (see [12] for full detail), though more sensors
can be added. Low-level motor control loops are executed on the
actuators themselves, with impedance or position control oper-
ating at 1 kHz and current control operating at 10 kHz. For more
information on the OSL v2, its capabilities, design, and software
tools, please see the project’s website (www.opensourceleg.org).

[Il. JOINT IMPEDANCE CONTROLLER

As we discussed in the introduction, the accuracy of an open-
loop impedance controller can be improved through knowledge
of and compensation for the system’s inherent dynamics. In this
section, we develop a dynamic model of the OSL v2 drive-
train and present a feedback controller to improve the output
impedance. Note that while our experiments focus on the ankle
joint, the same characterization and control approach can be
applied to the knee joint, as they are mechanically identical.

A. Drivetrain Model

1) Actuator: Due to its popularity in wearable robotics, the
OSL v2’s actuator has been characterized previously [27], [44].
Nesler et al. present a model in which the actuator’s output torque
T, 18 described by

Ta = T — Ti(0a; Iq) — Baba — Jaba (1)
where 7, = I,k¢n, is the motor output torque produced by the
g-axis motor current [, the corresponding torque constant ky,
and the actuator’s gear ratio n,. B, represents viscous losses
due to the actuator velocity 0,, and .J, captures the combined
effects of rotor and gearbox inertial torques due to the actuator’s
acceleration Ha Finally, the friction losses 7¢ (Qa, I q) are defined
as

7t(0a, Ig) = sgn(ba) (fe + follql) 2
where f. and f, parameterize coulomb and gear friction, respec-
tively.

To identify the model parameters, we ran benchtop experi-
ments with two actuators opposing one another and connected
via a contactless torque sensor (TRS605, FUTEK, California,
USA), similar to the experiments in [27], [44], and [45]. We
commanded steady-state pairs of voltage v and current ¢ to
each motor for five seconds, taken from a grid defined as
v € [—40,40] V, i € [-17.5,17.5] A. We then performed a
second, nonsteady-state experiment to identify inertia, in which
one actuator performed a series of sinusoidal velocity profiles
and the other commanded zero current. In each experiment, the
torque at the actuator output was measured by a load cell, along
with the actuator current and position.
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Fig. 2. Annotated photo of the OSL v2 ankle mounted in the dy-
namometer. The OSL v2 shank is mounted to the dynamometer’s static
base (a) and the foot is mounted to its motion platform (b), which controls
the joint angle 6;. A rigid spacer (c) is used beneath the OSL v2’s foot
in order to align the ankle axis with the dynamometer’s rotation. A load
cell (d) measures the reaction torque produced by the motion.

We regressed the torque and actuator data and found that the
specific parameters of the actuator model are k, = 110.8x 1073
Nm/A, J, = 9.83x1073 kg m?, B, = 6.06x10~2 Nms/rad,
fo=17.1x10"2 Nm, and f, = 82.1x107® Nm/A. The vari-
ance accounted for by the model was 99.7% and the RMS
residual was 3.0% of the peak torque, indicating that the model
accurately captured the actuator dynamics. If we only include
the term proportional to current in the model, the normalized
RMS residual increases to 6.5%. Thus, the remaining terms are
important to include, as they reduce the average model error by
over 50%.

2) Transmission: The actuator’s output is connected to the
OSL v2’s single-stage belt-drive transmission. Initial testing
showed that the belt is slightly elastic and it thus introduces
a passive compliance to the drivetrain dynamics that is similar
to an SEA. We modeled and characterized this compliance in
order to appropriately account for it in the controller design. We
relate the actuator output angle 6, to the joint angle 6; via the
transmission’s effective angular deflection 6y as

0; = b + 0 3)
g
where ny is the transmission’s gear ratio.

Using a rotary dynamometer (motor: Baldor BSM9ON-
3150AF; load cell: JR3 45E15A4), we performed an experiment
to investigate how 6 related to the torque in the transmission
Ts. With the OSL v2’s shank rigidly mounted, we used the
dynamometer to control the ankle joint position and to measure
the subsequent reaction torque (see Fig. 2). Note that the inertial
properties of the dynamometer’s mounting hardware were char-
acterized and their contributions to the measured joint torque
were subtracted from the measurements prior to the analysis.
With the actuator position controlled to zero displacement, the
dynamometer drove the joint angle at a slow, constant rate from
0.0 to 0.167 rad while the actuator angle, joint angle, and joint
torque were recorded. The experiment was repeated ten times
to reduce variance and to test for repeatability. A consistent
torque-deflection curve emerged (Fig. 3), and we regressed a
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Fig. 3. Loading portion of the drivetrain belt’s torque-deflection curve
under positive displacement. The dark transparent lines depict each of
the ten repeated trials. The blue solid line shows the best fit quadratic
function p(0s) = p262 + p16s, Where p, = 14913 and p; = 876.

quadratic function p(6s) = p260? + p16s, defined for 65 € RT,
to the data with R?> = 0.997. These results suggest that the belt
in the transmission acts as a nonlinear spring, with stiffness
increasing linearly with deflection. While a simpler model with
a constant stiffness may be preferable, it can be shown that
ignoring the belt’s stiffening behavior can result in steady-state
torque and impedance errors of up to 20% during large torque
conditions. We further note that there appears to be a minor
backlash behavior around zero deflection, but choose to neglect
it for model simplicity.

Experiments with negative belt deflections yielded similar
results, allowing us to write an expression for the torque applied
at the ankle joint as a function of the belt deflection over a full
domain #5 € R as

7 = —7s = —sgn(0s)p(|0s). 4
We can likewise model the belt’s local stiffness K as a function
of 0, as
dp(6s)
doy
The motor dynamics (1), the kinematic deflection relationship
(3), and the belt torque/deflection model (4) collectively define
our dynamic model of the OSL v2 drivetrain, relating the input
torque produced by the motor current /, to the torque applied
at the joint 75. The joint torque acts on the foot’s inertia .J¢, and
the overall motion of the system is determined by 7, J¢, and any
ground reaction torques applied to the foot 74r. We summarize
these dynamics graphically as a translational system in Fig. 4.

Ks(0s) = = 2pa|0s| + p1- ®)

B. Controller Design

Utilizing the knowledge of the OSL v2’s drivetrain dynamics,
we aim to design a controller that can more accurately render a
desired joint impedance compared to an uncompensated open-
loop controller. Particularly, we want 7; to obey an impedance
law of the form 7% = —K4(0; — Ocq) — Bab;, where K, and
B, are the desired joint stiffness and damping, respectively. For
conciseness in this section, we will only explicitly consider the
case where 64 = 0. In practice however, any arbitrary 0.4 can
be accommodated through a change of variables (i.e., 6 = éj —
feq) without loss of generality.

We utilize a combination of feedback linearization and
actuator-state feedback control, similar to [46] and [47]. First,
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Fig. 4. Schematic of the OSL v2 drivetrain model, depicted as a

translational model for clarity. The motor output torque 7, = I kina
is opposed by actuator friction 7t and viscous damping B,. The net
torque acts on the actuator inertia J,. The actuator angle 6, is reduced
through the transmission ratio of the belt-drive n; and connected to
the output port 6; via a variable stiffness spring. The spring, with a
local stiffness K(6s) defined in (5), accounts for the compliance of the
belt-driven transmission, which changes linearly with belt deflection 6s.
The resulting joint torque 7; acts on the inertia of the foot J¢, whose
motion is determined via 7; and any externally applied torques from the
environment 7y.

we discuss a friction compensation method that results in linear
motor dynamics. Using these linearized dynamics, we then
derive a feedback control law around the actuator states that
optimally renders the desired impedance based on a frequency
domain analysis.

1) Friction Compensation: The actuator model regressed in
Section ITI-A1 produced RMS output torque residuals under 0.65
Nm and a high VAF of 99.7%. We therefore are sufficiently con-
fident in the fidelity of the model to use feedback of the actuator’s
state to linearize its dynamics. Through algebraic manipulation
of (1) and (2) (see Appendix Al for a full derivation), we can
select a motor current I, to cancel friction effects based on a

desired actuator output torque 7

I = 72 + sgn(0a) fo . ©
kina — Sgn(Tgesea + |9a|f0)fg

Substituting (6) into (1) and (2) and assuming a perfect fric-
tion model, the torque at the output of the actuator becomes
a linear function in the desired actuator output torque: 7, =
Tges — Ba6, — Ja0,. The actuator torque and the joint torque
are related by 7; = ny7,. Thus, the torque at the joint is given
by

Tj = My (Tg“ — B0, — Jaéa) . (7)

2) Actuator-State Feedback Controller: We select a feedback
control law for the actuator based on its angular position and
velocity

8 = K, (Oaeq + 05 — ba) — By6, ®)

where K| and B are feedback gains. We include a bias angle
07, which will be used compensate for the belt transmission’s
nonlinear spring behavior in the subsequent analysis. Again, we
can eliminate the equilibrium angle 6, .4 through a change of
variables without loss of generality. We choose to use only the
actuator’s states for feedback control, as noncollocated feedback
(i.e., using the joint states in (8) directly) poses stability risks
in a series-elastic system [48] and extra care must be taken to
bound the feedback gains in real systems with time delays and
numerically calculated derivatives [49].

First, we select the gain K} and the offset angle 8} such that
the system produces the desired behavior at steady state (i.e.,

6, =0and éj = (). That is, we desire the equality condition

Ty = 7_jdes <~ —Kde = —’I’LtKl (Ga — 9;) (9)
Taking the derivative of (9) with respect to 6;, we can eliminate
one of the two unknown parameters

00,
a0;
If the transmission belt behaved as a traditional linear spring,
solving (10) for K| would simply amount to solving a harmonic
sum for series springs, and 6% would be zero. However, due to

the belt’s nonlinearity, we must explicitly calculate ggé . Recall
J

that 6, = n¢(60; — 0s). Therefore,
00,
—— . 11
) an

00,

8—‘% = ny <1

Using (4), we can estimate 5 at a given output torque 7 via the

inverse relationship p~' : 7, € R — 65 € R as

)*p1+\/p%+4p2|7'j|. (12)
2p,

As the curvature in Fig. 3 is low, a linear approximation of p~

provides a good estimate of its local behavior about a nominal
point 7. The first order approximation is

dp~!
dy

Ky = —nK, (10)

0 = p~' (1) = —sgn(7;

1

05 = p_](To) +

(13)

(13— 7o) -
Tj=To

We note from (5) that the term ddp—; = —1/K(0s ), which

is simply the belt’s local compliance at the nominal torque Ty
and corresponding deflection 0 (. In practice, we can use the
OSL v2’s joint encoder to measure ¢; and to calculate 7y as
7o = —K4b;. Because our control code executes much faster
than the dynamics of walking, this first-order approximation is
sufficient in practice. The derivative of (13) with respect to 6; is

905 —10m

20, ~ K. 00;
Assuming that (9) is true, we can substitute for 7; to find the
following relationship:

(14)

905 Ky
00, K,
Substituting back into (11) and subsequently into (10), we can
solve for K| as
Kq Kq KqKs
i, T, T T AR, Ky
With K selected, we can choose 6, to ensure that (9) is satisfied
based on (16) and the 65 approximation from (13). Straight-
forward algebra (see Appendix A2) produces the following
expression for the bias angle:

)
o (K +p-1<ro>) |

To specify the remaining gain for the velocity state B, we again
use the assumption that, locally around a given operating point,

5)

(16)

a7)

!t can be noted that (15) is the same relationship that one would derive if the
belt behaved as a linear spring with a constant stiffness. This analysis highlights
the fact that locally around a given deflection, the process of selecting K| can be
thought of as solving the harmonic sum of a series spring with the local spring
constant.
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a linear approximation of the belt’s torque-deflection behavior
is sufficient. That is, we assume that the belt behaves as a spring
with constant stiffness and thus we can write the closed loop
dynamics of the system in the frequency domain at any given
time point as

0; =0./n+ 0,
7 = —K0s, (18)
Ta — — (K] —|—Bls—|—Ja52) Ha.

The joint’s integral admittance is given by the closed-loop trans-
fer function Y (s) = —6; /7, and the desired integral admittance
of the system is given by Yy(s) = 1/(K4 + Bgs). We prefer to
work with integral admittance rather than impedance, as the
transfer function Yy(s) is strictly proper and therefore causal.
Algebraic manipulation of the closed-loop dynamics (18) under
the assumption of a locally-constant belt stiffness yields

Jas* + (By + Ba)s + K| + K, /n?
Ks(Ja82 + (Bl + Ba)S + Kl)

Let Y (s) be the error transfer function (i.e., Y(s) = Y (s) —
Ya(s)) and let W (s) be a low-pass filter (third order butterworth,
cutoff of 1 Hz) used to discount higher frequency errors. We
select B; from the domain B = {B;|B; > 0} as
Bi = arg min [[W(s)Y (s)]3
Bie B

thus finding the value of B that makes our system’s behavior
as close as possible to that of the desired.

As the local belt stiffness K, changes with loading, the
optimal B, likewise changes. Therefore, we created a lookup
table containing the solutions to (20) for a grid of possible
values for 7y, K4, and B, which we calculate offline in MATLAB
(fmincon using the interior point method, R2023a). We use
linear interpolation for values between lookup table entries.
Although this objective function is likely nonconvex, an initial
condition of B) = 0.5 always produced a suitable solution in
the allowed domain for all tested conditions, though no formal
guarantees are given. Future work will investigate alternative
formulations of this optimization that are more suitable for
online solution without a lookup table, such as a closed form
solution or a convex approximation.

Y(s) = (19)

(20)

IV. EXPERIMENTAL VALIDATION

We conducted three sets of experiments on the OSL v2 with
our proposed controller (C) to validate its ability to render
desired joint impedance values and trajectories and to compare
its performance to an uncompensated baseline controller (Cp).
In the first two experiments, the full lower half of the OSL v2
from the shank downward was mounted in the dynamometer
(Fig. 2), allowing us to test the performance of the fully as-
sembled system. We did not individually test the knee joint on
the dynamometer, as its identical mechanical construction to the
ankle joint would make knee-specific experiments redundant. In
a final experiment, we asked a participant with an above-knee
amputation to walk with the OSL v2 on a treadmill with each
controller in order to test the full system in its intended use case.

We implemented Cy using a basic impedance control strategy
that neglected drivetrain dynamics, simply commanding the
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" ‘ 9 dLs
Belt K Control 73 Actuator Friction
Stiffness Parameters Torque Comp.
L ,Ba}

mpedance NS

Fig. 5. Control flow diagram indicating the mapping from sensor read-
ings and desired impedance references to a commanded motor current
1,. The expected transmission stiffness K is calculated using the trans-
mission spring model p~! and (5) based on the expected joint torque
0, calculated from the joint encoder measurement 6; and the desired
stiffness K. The feedback parameters P = { K, By, 0} are calculated
from the desired impedance and K using the equations in Section
II-B. These parameters, along with an equilibrium angle 6eq, define a

desired actuator torque 3¢S via (8), which is converted to a desired
motor current I, via the friction compensation (6).

motor current based on the desired impedance appropriately
scaled by the gear ratios

Ky(Oeq — 05) — Bab;
kt(nant)2 )

We also implemented our new controller C'; using the theory de-
tailed in Section III-B to account for friction and the drivetrain’s
dynamics. The control flow diagram in Fig. 5 summarizes the
calculation of a desired motor current I, based on the desired
impedance and the system state. At each loop iteration, we used
the measured output angle ¢; from the OSL v2’s joint encoder
to calculate the expected joint torque 7y based on the desired
stiffness as 79 = Kg(feq — 05). We used the resulting 7 to
calculate the expected deflection via p~! and the corresponding
local transmission stiffness K using (5). Then, we determined
the actuator-state control parameters P = { K, By, 0} by eval-
uating (16), (17), and (20), respectively. These parameters define
a desired actuator output torque 79 via (8). Finally, we used
the friction compensation (6) to calculate the appropriate I,
to produce 79 at the actuator output. To prevent limit cycles
that could be caused by the discontinuous zero crossing in the
friction model, we smoothly approximated the sign functions
by o(x):xz € R = (—1,1), given by o(z) = where
a=5x10"2

Zero-crossing.

I, = 1)

xz
abs(z)+a’
is a smoothing factor affecting the shape of the

A. Constant-Impedance Experiments

1) Methods: We first performed a set of dynamic valida-
tion trials with each controller over a grid of desired joint
impedance values with 8.4 set to 0.0 rad. We conducted one
trial for each combination of K, € {100,200, 300,400,500}
Nm/radand By € {1,3,5,7,9} Nms/rad, which span the typical
ranges of stiffness and damping used in impedance controllers.
In each trial, the dynamometer drove the joint angle with a
sinusoidal trajectory at a series of five increasing frequencies
with twenty cycles per frequency. We repeated this test at three
different amplitudes (i.e., 6; = asin(2n ft),Vf € {1,2,3,4,5}
Hz, a € {0.035,0.070,0.105} rad) and recorded the reaction
torque produced by the ankle joint. We filtered the torque and
angle data with a 4th order butterworth lowpass filter with a
15-Hz cutoff frequency.

2) Results—dJoint Impedance Accuracy: To quantify each
controller’s ability to produce the desired impedance behaviors,
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Fig. 6. Plots of the measured torque and joint angle for a 5s subsection
of a constant-impedance experiment trial with our proposed controller
C). In this trial, K4 = 300.0 Nm/rad and By = 5.0 Nms/rad. The pink
dashed line shows the predicted torque from the best fit second-order
system.
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Fig. 7. Plots of the observed (a) joint stiffness & and (b) joint damping
B as functions of desired values for the constant-impedance experi-
ment. Solid lines connect the means at each desired point, and error
bars indicate standard deviations. By compensating for the drivetrain dy-
namics (purple circles), the joint impedance rendered by C is closer to
the desired values than the impedance rendered by Cj (blue diamonds).

we regressed each trial’s torque and angle data to a linear model
with inertia I, viscous damping B, and stiffness K using least
squares, i.e., 7j = ff{ﬁj — BHJ — féj, where 7j is the predicted
torque of the best-fit linear system (dashed line in Fig. 6). In
general, the identified stiffness and damping parameters were
closer to their desired values when using the proposed controller
C'| compared to the baseline C (Fig. 7).

We also calculated the VAF of each linear model’s predicted
torque compared to the measured torque for each trial to measure
goodness of fit. The mean VAF was 89.1% for the trials using
C) and 88.6% for the trials using C'j, suggesting that both sys-
tems, on average, behaved sufficiently like linear second-order
systems.

Next, we empirically calculated the system’s frequency re-
sponse for each condition to check for frequency-dependent
behaviors. We fit sinusoids to the measured torque data at each
input amplitude and frequency and calculated the gain and phase
shifts between the input and output. Fig. 8 shows an example
of this frequency response for the trial with K; = 300 Nm/rad
and By = 9.0 Nms/rad averaged over each input amplitude. We
calculated the frequency response error as the vector difference
between the desired and output sinusoids viewed in the phasor
plane, computed for each frequency. Across frequencies and
magnitudes, the average frequency response error for C'; was
33.1 + 40.2%, while the average error for Cy was 55.7 + 28.3%.

= =Desired —&—C)
-45 0

——c

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Frequency (Hz) Frequency (Hz)

Fig. 8. Example frequency response plot of the observed and desired

behavior for K; = 300 Nm/rad, B; = 9 Nms/rad averaged over the three

tested amplitudes. Error bars (small) show one standard deviation.
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Fig. 9. RMS torque error as a function of joint angle amplitude av-

eraged across all constant-impedance trials. The error was calculated
relative to a system with the desired impedance subject to the same
inputs. Error bars denote standard deviations. The proposed controller
C produced a significantly lower error (p < 0.05) than the baseline Cj
at each amplitude, indicating that its torque response was closer to that
of the desired system.

Controller C'y’s reduction in the frequency response error com-
pared to Cy by 22.6% was statistically significant (p = 0.026).
To aid in interpreting these values, a transfer function with the
correct gain but a 90° phase shift would result in 141% error.

Finally, we calculated the RMS error between the observed
output torque and the output torque produced by a system with
the desired impedance subjected to the same input. Shown in
Fig. 9, the proposed controller C'; produced a significantly lower
torque error than the baseline controller Cy for each amplitude
(p < 0.05). On average, C', decreased the torque error by 1.9
Nm compared to C.

3) Results—Torque Model Accuracy: In addition to the
impedance accuracy, we evaluated the quality of the drivetrain
model developed in Section III-A by comparing its output torque
to the measured torque. Across all trials with both controllers,
the drivetrain model’s VAF was 96.3 4= 2.7%. The RMS model
error was 2.1 Nm, which equates to only 4.2% of the peak
torque measured during the experiment (49.5 Nm). Therefore,
the drivetrain model accurately predicted the output torque at
the joint, regardless of the controller.

B. Variable-Impedance Experiments

1) Methods: While the first set of experiments investigated
the OSL v2’s ability to render a wide array of constant-
impedance setpoints, it is also important to understand how
the system behaves while rendering variable impedance tra-
Jjectories, as humans are known to continuously modulate their
joint impedance while walking [35], [36], [37], [38]. In this
second experiment, we simulated walking kinematics using the
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Fig. 10.  Plots of the kinematic and kinetic deviation trajectories caused

by the perturbation applied at 33% of the gait cycle: position (top left),
velocity (top right), acceleration (bottom left) and torque (bottom right).
Shaded regions represent +1 standard deviation about the mean. The
dashed line on the torque plot shows the predicted torque of the best-fit
linear system.

dynamometer and applied small, momentary joint perturbations
at two different points during the gait cycle, analogous to the
methods in [35] and [37]. We programmed the OSL v2 to
replicate the biological ankle impedance trajectories reported
in [37] scaled to a 70 kg person using the proposed controller
C). We calculated an equilibrium angle trajectory to replicate
the normative ankle torque trajectories 7% given the normative
kinematics 6%, 6 reported in [50]

O =0+ (7" + Bal") /K. 22)
During each trial, the dynamometer moved the the joint through
normative ankle kinematics for walking based on [50] at a
cadence of eighty steps/min and recorded the reaction torque
produced by the OSL v2. Thirty gait cycles were performed, with
half of the trials including a momentary 0.035 rad perturbation
superimposed on the kinematics for 200 ms at a specific timing
point. The timing point was at approximately 11% of the gait
cycle for the first batch of trials and 33% of the gait cycle for
the second batch.

To estimate the joint impedance, we first calculated the av-
erage nominal position, velocity, acceleration (i.e., kinematic)
and torque (i.e., kinetic) trajectories using the nonperturbed gait
cycles. Then, we subtracted these nominal trajectories from the
kinematic and kinetic data from each perturbed gait cycle, yield-
ing a set of fifteen kinematic and kinetic deviation trajectories
for each timing point. We isolated the first 150 ms following the
perturbation onset for analysis (Fig. 10).

2) Results—Joint Impedance Accuracy: We regressed a
second-order linear model to each deviation trajectory, yielding
estimated stiffness, damping, and inertia parameter distribu-
tions. The dashed line in Fig. 10 shows the average torque
predicted by the best-fit models for the second timing point. The
VAF of the best-fit linear system was 70.3419.4% for the first
timing point and 98.0£1.1% for the second timing point. The
mean observed stiffness and damping values during the analysis
windows were similar to the desired values, particularly for
stiffness (Fig. 11). While there was some deviation between the
observed and desired damping values, the desired values were
consistent with the distribution means (i.e., they were contained
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error bars denote one standard deviation about the mean. The blue
line denotes the commanded able-bodied ankle impedance trajectories
(reported in [38]), with pink markers indicating the mean commanded
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Fig. 12.  (a) Photo of the participant with above-knee amputation walk-
ing on a treadmill using the OSL v2. (b) Mean ankle walking kinematics
for each controller. (c) and (d) The mean ankle walking kinetics for con-
trollers Cy and C}, respectively, calculated via inverse dynamics (solid
lines). Given the observed kinematics and the reference impedance
trajectories, the desired joint torque (dashed) for each controller is also
shown. Finally, the estimated joint torque given by the drivetrain model
is shown (dotted).

in the 68% confidence intervals for the standard error of the
mean).

3) Results—Torque Model Accuracy: We again evaluated
the torque model for its ability to predict the torques measured
in this simulated walking experiment, which encountered higher
torques and larger motions than the constant-impedance exper-
iments. During this experiment, the average nonperturbed peak
torque per stride was 98.440.8 Nm and the ankle range of motion
was 0.417 +0.002 rad. The torque model’s mean VAF was
97.74£0.2% averaged across all trials. The RMS model error was
6.0+0.2 Nm, which equates to only 6.1% of the peak experiment
torque.

C. Treadmill Walking Experiments

1) Methods: In a final experiment, a participant with an
above-knee amputation [Fig. 12(a)] walked on the OSL v2 on
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a treadmill at 1 m/s using each low-level impedance controller.
The experimental protocol was approved by the Institutional
Review Board of the University of Michigan (HUMO00143080).
We implemented the phase-based walking controller from [22],
which provided reference stance-phase impedance trajectories.
Motion capture recordings along with forceplate and encoder
measurements were used to calculate the OSL v2’s ankle kine-
matics and kinetics [Fig. 12(b) and (c)].

2) Results: The participant was able to walk comfortably
using both controllers, with each producing natural gaits
[Fig. 12(a)]. Unlike the first experiments, in which the dy-
namometer regulated the joint position, both the kinematics
and kinetics in this experiment were free to vary based on the
dynamic interaction between the user and the ground. Qualita-
tively, we note that the uncompensated controller Cy produced a
larger stance-phase range of motion than the proposed controller
C). We hypothesize that the user created this extra deflection
instinctively in order to achieve sufficient joint torque to initiate
pushoff, as the torque trajectories of each controller are similar
[Fig. 12(c) and (d)].

As impedance control aims to regulate the joint’s dynamics,
we evaluate our controller on its ability to create the correct
torque response given the observed kinematics. Importantly,
we do not evaluate kinematic or kinetic similarity to a refer-
ence (e.g., able-bodied), as this is not the explicit objective an
impedance controller. Inputting the observed kinematics and the
reference K, B, and 0, into the impedance control law, we find
that C should have provided much more torque at this increased
deflection [dashed in Fig. 12(c)]with mean absolute torque error
(MAE) of 16.2 Nm. In contrast, controller C'y’s torque trajectory
is close to the desired for the majority of the gait cycle with
an MAE of 9.6 Nm, indicating more accurate joint impedance
control during walking compared to C.

Finally, despite the different controllers, the drivetrain model
from Section III-A accurately predicted the true ankle torque
from inverse dynamics [dotted line in Fig. 12(c)—(d)]. This
agreement further validates the model’s accuracy, and demon-
strates its usefulness in real-world walking scenarios.

V. DISCUSSION

The OSL v2 was designed to accelerate research in the control
of robotic prostheses by providing an economical, versatile, and
high-performance hardware platform. We believe a common
hardware platform will enable the academic community to more
rapidly innovate and share ideas, ultimately quickening the pace
of translation. A key feature in a high-performance prosthesis
is the ability to accurately control joint mechanical impedance.
Due to the system’s inherent inertial, dissipative, and elastic
dynamics, uncompensated open-loop control strategies are inad-
equate to achieve this requirement. In this work, we proposed an
actuator-state feedback controller, which we developed around
a simple, analytical model of the system’s dynamics. We imple-
mented the controller on the OSL v2 ankle joint and demon-
strated substantial improvements in the impedance accuracy
compared to a baseline, uncompensated controller. Our control

approach is generalizable and relevant to hardware systems that
include intentional or unintentional series elasticity.

A. Joint Impedance Accuracy

In the constant impedance experiment, the identified stiffness
and damping for our proposed controller C'; were closer to the
desired values when compared to the baseline controller Cj
(Fig. 7). This improvement is particularly true for stiffness, as
controller Cy was unable to effectively render higher stiffness
values, likely because Cj ignores the compliance of the belt
transmission; an additional series compliance always reduces the
effective stiffness. Damping was slightly improved by controller
C1, but both controllers were unable to make the system render
very low damping values. The mean fit quality across both
controllers was relatively high (88.9% VAF), indicating that the
identified stiffness and damping values are representative of the
system’s true dynamics.

We also investigated the effects of varying the input frequency
on each controller’s performance. Controller C; showed a sig-
nificantly lower mean frequency response error compared to Cy,
indicating that its torque output across the frequency domain was
closer to the desired system (see, e.g., Fig. 8). We observe similar
results in the RMS torque error plot (Fig. 9), where controller C'
produced a torque output that was on average closer to the torque
of the desired system compared to Cyy. While the RMS error for
both controllers increased with increasing amplitude (and thus
increasing joint torques), Cy’s errors increased faster than C'’s.
In aggregate, these results suggest that: 1) compensating for the
drivetrain dynamics is important; and 2) the described control
method is effective at reducing the impacts of these dynamics
on the rendered impedance behavior.

We further demonstrated the proposed controller C'y ’s efficacy
in the simulated walking experiments with variable impedance
trajectories. This experiment tested the joint impedance at two
timing points with different desired stiffness coefficients. Con-
troller C'; was able to produce the desired joint stiffness at both
timing points (Fig. 11), indicating our approach can track a
variable stiffness trajectory while simultaneously creating the
substantial torques required for walking (98 Nm peak). The
joint’s damping was not as accurately rendered, and the results
were consistent with those found in the constant-impedance
experiments (Fig. 7), which show that low damping values are
difficult for both controllers.

The final experiment demonstrated the proposed controller’s
utility in a real walking task on a treadmill, and its improved per-
formance relative to the uncompensated alternative. By factoring
in the transmission elasticity, controller C; much more closely
tracked the ankle torque given by the desired joint impedance
compared to Cy [Fig. 12(c)]. Because Cj did not account for the
additional joint motion provided by the transmission elasticity,
the participant had to create extra ankle dorsiflexion in order
to produce sufficient torque for pushoff. Future work could
study the biomechanical benefits of C'; with more subjects and
more thorough measurements (e.g., inverse dynamics, surface
electromyography, metabolic cost, etc.).
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While modern impedance controllers have been shown to
produce biomimetic kinematics and kinetics during various
locomotion activities [22], [51], [52], [53], [54], [55], their
impedance (i.e., their response to disturbances) is not necessarily
biomimetic. These experiments show that the OSL v2 could be
used with controller C) to render an impedance controller that
is biomimetic with respect to both joint impedance and kine-
matics and kinetics, which may show interesting biomechancial
advantages stemming from the human-like dynamics.

Finally, our proposed controller could likely be applicable
to systems beyond the OSL v2. The drivetrain model (Fig. 4)
is sufficiently general to describe the dynamics of many other
prostheses with compliance in their transmissions. This com-
pliance could be intentional, such as in the case of SEAs, or
unintentional, such as belt, gear, or frame elasticity.

B. Torque Model Accuracy

We evaluated the accuracy of the torque model (Section I1I-A,
Fig. 4) with the data from both experiments and found that
the model accurately predicted the joint torque. The model’s
RMS error was 6.1% of the peak torque or lower in both
experiments, with VAF values of 96% or better. The experiments
included wide ranges of motor currents, joint angles, velocities,
and accelerations, suggesting that model’s accuracy would hold
broadly across operating regimes. The high accuracy of the
torque model means that it could potentially be used in many
helpful applications, including torque control, inverse dynamics,
and additional data for higher-level control strategies. Finally,
the results from this study can be directly applied by other
researchers that use the OSL v2, potentially enabling a reduction
in the required equipment and protocol complexity.

C. Limitations

While the experiments highlighted the efficacy of our pro-
posed controller, there are various limitations to our approach
that should be noted. First, our dynamic model (Fig. 4) is a
simplification of the true system dynamics, and some of the
features it ignores may impact the controller’s performance.
For example, the torque-angle behavior of the transmission is
not as smooth as the quadratic model assumes (Fig. 3), and the
backlash around zero deflection may be important to consider
during low-torque conditions.

In addition, the experiments showed that the damping regula-
tion of our controller is not as accurate as the stiffness regulation.
Although we pick the value of B; that minimizes the frequency
response error, it does not guarantee that the error is zero.
Fundamentally, this error will always be nonzero because the
closed-loop transfer function (19) has two extra zeros and one
extra pole compared to the desired single pole system. Therefore,
frequency response of the actual system will always deviate from
the desired at some frequencies, regardless of gain selection. For
the human ankle joint, however, the stiffness component consti-
tutes a much larger portion of the perturbation torque response
than the damping component [37], [38], perhaps limiting the
consequence of this limitation.

IEEE/ASME TRANSACTIONS ON MECHATRONICS

An alternative one could use to avoid this issue is to also
include additional feedback using the belt deflection states (6
and és) in (8), which would allow cancellation or arbitrary
placement of the closed-loop poles and zeros (i.e., using a full-
state-feedback controller) [47]. However, this approach requires
very accurate measurements of 6 and 65 in practice. The minor
backlash displayed in Fig. 3 suggests that stability would be a
concern when applying a full-state-feedback controller to our
system.

There are also design options one could use to make the
system easier to control, such as reducing the actuator inertia.
A lower value of .J, would push the transfer function’s zeros
further into the left-half plane, delaying their effect until higher
frequencies and allowing our controller to better produce the
desired damping at walking frequencies. Reducing the gear
ratios n¢ and n, would have similar effects, but at the expense
of reduced torque capacity. These tradeoffs were considered
during the OSL v2 design process, and maintaining sufficient
peak torque was ultimately selected as a priority.

There are also practical limitations to our proposed controller.
Like other model-based methods, our controller requires ac-
curate values for the system parameters, such as the inertial
and friction properties of the actuator and the belt deflection
characteristics. While in theory these properties should not
vary with time, this has not yet been investigated. Future work
should investigate the variance of the model parameters and the
controller’s sensitivity to them.

VI. CONCLUSION

In this article, we presented a novel joint impedance controller
for prostheses with significant inertial, dissipative, and elastic
drivetrains, and we evaluated the controller experimentally on
the second-generation Open-Source Leg. First, we detailed the
design updates made in the OSL v2 revision, which resulted in
an easy to use, capable, and affordable research platform. We
then characterized the new system’s dynamics and showed that
they can be well explained via a simple analytical model. We
demonstrated that our model can accurately predict the OSL v2
output torque across diverse conditions. Using this model, we
developed our controller based on feedback linearization and
actuator-state feedback control, and we experimentally demon-
strated its improved impedance accuracy compared to a baseline
controller. We further showed our controller’s ability to track the
variable impedance trajectories of the human ankle joint during
walking, indicating that our controller could be used with the
OSL v2 to create highly biomimetic behavior.

APPENDIX
A. Derivations of Selected Expressions
1) Friction Compensation: We desire linearized actuator dy-

namics of the form

Ta = 735 — B, — Jo0,. (23)
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Equating the desired dynamics with the actuator’s true dynamics
(1) yields an expression relating 79, 6, and I,

T = Igkina — sgn(0a) (fo + folIq))- (24)
Two useful properties of the sgn(x) function are
|z| = sgn(z)x (25)
sgn(zy) = sgn(z)sgn(y). (26)
Thus using (25), we can rewrite (24) as
7o 4 sgn(6a) fo = Iy (kina — sgn(ly)sgn(6a) fy).  (27)

We note that given our identified model parameters,
kina — sgn(ly)sgn(ba)fy >0V 0,1, € R. This implies that
sgn(79% + sgn(6,) f.) = sgn(I,). If we substitute this relation-
ship back into (27), we find

74 + sgn(0a) fo = Ly (kena—

sgn(Ta® + sgn(0a) fo)sgn(6a) fo)-
Distributing the sgn(f,) term via (26) and again using (25) to
consolidate terms, we find
75 4 sgn(fa) fo = Iy (Kema — sen(r6, +10a1 ) ;) -
(29)

(28)

From here, simply rearranging terms produces (6).

2) Bias Angle: To calculate 07, we begin by equating the
desired and actual steady state joint torques and substituting in
the identified gain K

—Kq0; = —ny K (6, — 07), (30)
K
O = ——"—— (0, —07). 31)
J nt(Ks _ Kd) ( ) (
Next, we substitute for 0, in terms of 5 and 0; using (3)
K, o

0= —— [ (6, —6,) — 2. 32
J (Ks_Kd) <(J ) nt) ( )

Then, we substitute our approximation for deflection angle in
terms of the local belt stiffness (12)

K _ —Kdﬁ- — 70 0
.= ——5 (g — p! 4l 9 Za)
J (Ks_Kd) < J p (TO)+ _Ks 7%)
(33)
Rearranging terms produces
Ky — Ky Ky _ 70
| ——— 14+ — ) =— — 34
V(B ) =t - S - B
Noting that
Ks — Kq Kq
— =14+ —=]=0 35
( Ko Ks> )

the terms in (34) can be rearranged to produce (17).
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