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Enhancing Voluntary Motion with Modular, Backdrivable, Powered
Hip and Knee Orthoses

Christopher Nesler!, Gray Thomas', Nikhil Divekar!, Elliott J. Rouse?, and Robert D. Gregg'

Abstract—Mobility disabilities are prominent in society with
wide-ranging deficits, motivating modular, partial-assist, lower-
limb exoskeletons for this heterogeneous population. This paper
introduces the Modular Backdrivable Lower-limb Unloading
Exoskeleton (M-BLUE), which implements high torque, low
mechanical impedance actuators on commercial orthoses with
sheet metal modifications to produce a variety of hip- and/or knee-
assisting configurations. Benchtop system identification verifies
the desirable backdrive properties of the actuator, and allows for
torque prediction within 0.4 Nm. An able-bodied human subject
experiment demonstrates that three unilateral configurations of
M-BLUE (hip only, knee only, and hip-knee) with a simple gravity
compensation controller can reduce muscle EMG readings in a
lifting and lowering task relative to the bare condition. Reductions
in mean muscular effort and peak muscle activation were seen
across the primary squat musculature (excluding biceps femoris),
demonstrating the potential to reduce fatigue leading to poor
lifting posture. These promising results motivate applications of
M-BLUE to additional populations, and the expansion of M-
BLUE to bilateral and ankle configurations.

Index Terms—Prosthetics and Exoskeletons, Wearable Robotics

I. INTRODUCTION

NE in eight adults in the U.S. has a mobility impairment
that limits their social activity, economic productivity,
and quality of life [1]. These deficits often stem from advanced
age, stroke, or musculoskeletal disorders. Most of these indi-
viduals have some voluntary control of their lower limbs, and
thus require only partial assistance to overcome these deficits.
However, no broadly applicable intervention fits this important
need [2]. Conventional orthoses tend to immobilize rather than
assist joints, causing side-effects that include compensatory
movements, gait asymmetry, and overdependence on the de-
vice. In addition, most mobility aids (e.g., passive orthoses,
canes, and walkers) cannot provide net-positive mechanical
work to assist activities that require substantial muscular effort,
including squatting, sit-to-stand, and stair ascent.
Emerging powered orthoses (i.e., exoskeletons) have the
potential to restore normative leg biomechanics [2], but these
devices have not been widely adopted in part because of their
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rigid joints, bulkiness, and population-specific designs. Com-
mercial rehabilitation exoskeletons like those manufactured by
Ekso Bionics, Indego, and ReWalk feature an integrated lower-
body frame with a fixed set of actuators targeting specific
joints for a specific patient population [3]-[5]. These devices
are generally designed with actuators that prevent the user’s
weight from backdriving the joint (i.e., the human rotating
the motor) and enable large output torques to provide the
complete limb function for a person with spinal cord injury [5]
or severe stroke [6]. To minimize size and mass, these actuators
are designed with small, low-torque, high-speed motors that
require a large gear ratio (typically greater than 50:1 [7])
to achieve human-scale torques-velocity regimes. The motor’s
inertia reflected through the transmission scales with the gear
ratio squared, and friction from meshing parts gets similarly
amplified [8]. This results in high mechanical impedance at
the joint, which means the user cannot easily backdrive the
actuator to move their joints. In this actuation paradigm, the
user is typically forced to follow the robot’s pre-defined joint
patterns rather than their own volition [9], though some devices
like Indego [6] are more backdrivable than others.

Recent work has focused on augmenting voluntary motion
with backdrivable powered orthoses [7], [10]-[15] and soft
exosuits [16]-[18], achieving backdrivability in different ways.
Load cells [16] or series elastic elements [19] can provide
force feedback to control torque (as in B-Temia Keeogo [20]),
but this tends to increase mechanical complexity and limit
actuator torque bandwidth. The Honda [21] and Samsung [22]
hip orthoses use a lower gear ratio to increase backdrivability
at the cost of output torque (less than 10 Nm), motivating
the use of emerging high-torque, backdrivable actuators called
quasi-direct drive actuators. These actuators use high-torque
“pancake” motors to achieve high output torques with low
gear ratios (and thus low friction/inertia). Quasi-direct drive
actuators have enabled legged robots to perform dynamic
walking, running, and jumping with high control bandwidth,
precise current-based torque control, energy regeneration, com-
pliance to impacts, and reduced acoustic noise [8], [23], [24].
We recently implemented quasi-direct drive actuators in leg
orthoses [7], [11], enabling the use of an emerging task-
invariant control method called energy shaping [25], e.g.,
compensating body weight [26] and/or inertia. However, these
backdrivable designs do not offer a reconfigurable solution for
different use cases (i.e., different joints).

One of the first modular exoskeletons [27] adds a compliant
actuator to conventional hip, knee, and ankle orthoses. Al-
though this design allows different joint configurations, the
use of series elasticity increases size and mass (1.4 kg per
actuator). Additionally, its peak torque of 16.7 Nm may be
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insufficient for some use cases, such as compensating for the
difference in knee torques between a safe squat lift and a
risky stoop lift (around 30 Nm [28]) to prevent workplace
injuries. Instead of modifying conventional orthoses, custom
exoskeleton modules have been designed in [29] to provide
substantial torque at the ankle (102 Nm), knee (69 Nm),
and/or hip (102 Nm) for individuals with spinal cord injury.
Although this system offers a trajectory-free neuromuscular
control strategy, its backdrivability is limited by the use of
series elasticity with large gear ratios (up to 100:1). The
modular exoskeleton in [30] can achieve similar torques at the
knee and hip, using a mix of custom and conventional orthotic
components. This design does not have active torque sensing
to compensate for its high gear ratio (up to 120:1), reducing
torque control accuracy and backdrivability.

These prior works motivate our use of more backdrivable
and compact quasi-direct drive actuators in the presented hip
and/or knee system called the Modular Backdrivable Lower-
limb Unloading Exoskeleton (M-BLUE). M-BLUE is designed
to provide sufficient output torque to partially assist mild
to moderate impairments, while having negligible backdrive
torque to facilitate voluntary motion. We use the recently
released T-Motor AK80-9 actuator (with a 9:1 internal trans-
mission [31]) to improve upon our prior design [7] with a
single-stage planetary gearset inside a torque-dense “pancake”
Brushless DC motor, enabling higher output torque and lower
backdrive in a smaller, lighter package. We extend this ac-
tuation paradigm to the modular design philosophy of [27],
making simple aftermarket modifications to commercial hip
and knee orthoses that can be replicated by clinicians. We
focus on the hip and knee to avoid the complexity and expense
of custom ankle orthosis designs [10], because commercial
ankle-foot orthoses (made of carbon fiber or thermoplastic)
tend to immobilize the ankle and are not amenable to actu-
ation. We also implement a modular, trajectory-free, gravity-
compensation control strategy to assist volitional motion at
the hip and/or knee. Benchtop experiments demonstrate the
lightweight actuator module (584 g) can produce up to 30
Nm with less than 2 Nm of dynamic backdrive torque during
human-like walking motions. We demonstrate that the hip-
only, knee-only, and hip-and-knee configurations reduce mus-
cle activity during an able-bodied lifting and lowering exper-
iment, suggesting the presented system can reduce muscular
fatigue leading to risky lifting posture [32]. By leveraging the
Dephy FASTER embedded system, the hip and knee modules
can easily be interfaced with the custom Dephy ExoBoot
system [10], [33] to enable ankle configurations in future work.

II. DESIGN AND CONTROL

We developed a plug-and-play exoskeleton system for a
wide variety of subjects and use cases (Fig. 1). We sought
to accommodate users of a wide variety of heights, weights
up to 250 lbs, and across the range of the adult lifespan.
The following sections describe how the actuator and orthosis
structure were chosen for broad use cases.

Fig. 1. Hip-knee, hip only, and knee only configurations of modular powered
orthoses during lifting and lowering experiment. Note that the EMG electrodes
and top PCB (for wireless sync) are only for assessment purposes, and would
be removed during normal use. The Raspberry Pi can be enclosed in a case.

Fig. 2. Exploded view of an open-frame version of T-motor AK80-9 [31].

A. Actuator Selection

When selecting an actuator for the hip and knee modules of
M-BLUE, we sought to improve upon the performance of our
prior knee exoskeleton [7] with respect to output torque (pre-
viously 24 Nm), reflected inertia (previously 200.9 kg - cm?),
mass (previously 1.15 kg), and volume (previously 814 cm?
including heatsink). With these criteria in mind, we opted
for the AKS80-9 actuator (T-motor, China). Its high torque
density, low gear ratio (9:1), low mass (485 g), low volume
(233 cm?®), and low cost ($580 USD) make it a suitable
choice for our application. The actuator assembly sets a 9:1
planetary gear inside a wide diameter BLDC motor similar
to those used in high-power electric quadcopters (see Fig. 2,
[31]). Our previous study [34] on the thermal properties
and performance of the T-motor U8-KV100, which is nearly
identical to the electric motor inside the AK80-9 assembly,
demonstrated its excellent torque/speed capabilities for legged
robot applications. In particular, the analysis suggests that the
actuator can provide torque up to 30 Nm, which is 25-50%
of normative peak torque depending on the joint, task, and
subject weight [35]. This torque output can 1) compensate
for the difference in knee torque required for a safe squat
lift (“lift with the knees”) compared to a riskier stoop lift
posture (“lift with the back’™) [28], 2) overcome the difference
in knee moments between the affected and unaffected sides of
an average individual with chronic stroke during sit to stand
[36], and 3) reach the strength threshold needed to assist ageing
individuals with activities of daily living (ADLs) [2].
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Fig. 3. Modular Backdrivable Lower-limb Unloading Exoskeleton (M-BLUE):
al-2) Commercial off-the-shelf (COTS) T-Scope Hip brace disassembly, b1-2)
COTS T-Scope Knee brace disassembly, c1-2) M-BLUE hip-only assembly,
d1-2) M-BLUE knee-only assembly, and e1-2) M-BLUE hip-knee assembly.
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Fig. 4. Left: M-BLUE hip-knee configuration with superimposed joint angle
conventions for hip (63) and knee (6 ) angles, provided by actuator encoders,
as well as thigh angle (6¢) with respect to gravity (g), provided by the
IMU (red). Thigh (I¢) and hip (I3) length parameters, and center of mass
for different configurations are shown in dark blue. Other annotated systems
include the Raspberry Pi (green), its power source (blue), and a remote data
sync board (orange; only required during EMG experiments). A convention
for directional vocabulary (purple) is also included for reference. Right: CAD
models of the custom sheet metal components used in various configurations.

B. Modular Design

To facilitate modularity and clinical viability, commercially-
available orthoses were used as the basis of the mechanical
human-robot interface. We combined robotic joints and custom
uprights with the industrially designed human attachment inter-
faces, adjustment features, and straps of the T Scope Premier
Post-Op Knee Brace (0.75 kg, see Fig. 3.b) and T Scope Post-
Op Hip Brace (0.75 kg, see Fig. 3.a) (Breg, California, USA).
The adjustability of Breg’s T-Scope braces, along with the fact
that they have aluminum uprights and are sold in a variety of

sizes, made them suitable for a wide range of user heights,
weights, and ages. The two braces share a similar structure
in which lateral metal uprights hinge near the anatomical
joint axis, and interfacing pads are attached to these uprights
with rivets or custom molded plastic features. The knee brace
has a second set of uprights on the medial side of the leg.
This structure allows for straightforward integration of custom
robotic add-ons, and it facilitates rapid adjustment, donning,
and doffing of M-BLUE.

The disassembled pieces of the T-Scope braces can be re-
assembled with the original uprights replaced by a custom set
of sheet metal adaptors (Fig. 4). These adaptors are fabricated
from 1/8” sheet aluminum (7075-T6, chosen for its high
strength-to-weight ratio) primarily using a CNC router and
a sheet metal brake for bending. While the tools needed to
manufacture these sheet metal parts are not typically found in
a clinical setting, they are easy to manufacture in commercial
shops and could be distributed in kits similar to the way
many of the metal components in traditional custom orthoses
can be ordered from a catalog. We convert the orthoses by
first harvesting the pads connected to the lateral uprights
(Fig. 3.a,b), removing the original rivets using readily available
tools (e.g., drill press, circular punch, Dremel, chisel). Four
metal upright components (two from the knee brace, two from
the hip brace) are then replaced by the analogous custom
parts that interface with the input and output structures of the
actuators (see Fig. 3). We retain the original medial uprights
from the knee brace for use in the knee-only and hip-knee
configuration (Fig. 3.d,e). The actuators are fastened to the
sheet metal parts using bolts and pins. The riveted connections
between pads and uprights are replaced by threaded fasteners,
washers, and nuts to facilitate disassembly and reconfiguration.
The adjustable length connection between the hip and knee
structures in the hip-knee configuration (Fig. 3.e) is achieved
with threaded fasteners. A supplemental video of the assembly
process is available online [37].

The adaptor kit is designed to allow three powered orthosis
configurations (Fig. 1). Changing configurations is an easily-
performed process that takes several minutes. Future iterations
could incorporate coupling mechanisms that enable quick
release and attachment. The knee-only configuration (Fig. 3.d)
utilizes a subset of the sheet metal components from the hip-
knee configuration (Fig. 3.e) along with their affiliated fasten-
ers (nuts, bolts, pins, and washers). The hip-only configuration
(Fig. 3.c) uses a different set of distal components from the
hip-knee configuration (distal components from the hip brace
in Fig. 3.a rather than proximal components from the knee
brace in Fig. 3.b). The distal upright for the hip joint has two
configurations: one for connecting with a knee brace (Fig. 3.e),
and one for independent hip use (Fig. 3.c). The knee-brace
configuration allows for length adjustment of a thigh upright
that attaches to the proximal knee upright (maintaining the pad
configuration and adjustment mechanism of the proximal knee
brace), while the hip-only configuration retains the original
hip pad and adjustment mechanism of the distal hip brace. We
weighed each configuration of the modified devices (including
the utilized brace components, custom components, fasteners,
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and actuators with Dephy electronics, but not cables, batteries,
and Raspberry Pi) and recorded their masses (hip only: 1.4 kg,
knee only: 1.6 kg, hip-knee: 2.8 kg) for comparison to the stock
braces. Hip ab/adduction is limited to the movement allowed
by compliance in the user’s soft tissue, the orthosis uprights,
and the human interface, as the Breg T-Scope Hip brace does
not include a mechanism for this degree of freedom. This was
deemed sufficient for the lifting/lowering task performed in
this study but will be revisited in future work.

C. Embedded System and Control

The AKS80-9 actuators were combined with the FASTER
motor driver system by Dephy, Inc. (Maynard, MA), for a total
actuator weight of 584 g. Based on [38], [39], the FASTER
driver system features a high-bandwidth current control mode
(corresponding to torque) and communicates via USB to a
central Raspberry Pi 3B+ embedded computer (Raspberry Pi
Foundation, Cambridge, United Kingdom) in a 300 Hz loop.
The associated software application programming interface
allows us to control the actuator in Python. The electrical
system uses two lithium polymer batteries (Venom FLY 3600,
30C/22.2 V, Idaho, USA) mounted in a hip-bag (Fig. 4).

The controller has access to absolute motor encoders on
the actuator models, as well as an inertial measurement sys-
tem (3DM-GX5-25, LORD Microstrain, Vermont, USA) that
provides a global rotation matrix for the orientation of the
thigh segment of the orthosis. Using the assumption that the
z-axis of the IMU is perpendicular to the sagittal plane, we
convert this rotation matrix to a global sagittal-plane angle
for the thigh, and—using the hip encoder—a measurement of
the global angle of the waist belt/torso. Thus, we provide the
controller with the hip angle 6, knee angle ), and global
thigh angle 6, data as defined in Fig. 4.

To demonstrate the assistive capabilities of M-BLUE, we
implemented a simple potential-energy shaping controller [26]
based on a sagittal plane model of the human dynamics.
This controller uses the M-BLUE actuators to offload the
gravitational torques from a point mass which represents a
fixed percentage « of the wearer’s recorded weight m. This
controller is based on a modular, stance-only, 1- or 2-link kine-
matic chain model (depending on the M-BLUE configuration)
starting from the most distal link connected to an actuator and
working up. This means that for configurations with a powered
knee, the shank is considered the base link, whereas the thigh
is the base link in the hip-only configuration. The point mass
is located in the most proximal link connected to an actuator:
in the torso link for the hip and hip-knee configuration and in
the thigh link for the knee-only configuration.

The control laws for the different configurations result
directly from trigonometry. For example, the control law in
the hip-knee configuration is

7 = mga(ly sin(0;) — I, sin(0; — 65,)), (D
T = mgo(—lp sin(0; — 01,)), ()

where g = 9.81 m/s? represents gravitational acceleration,
l; represents the length of the thigh link, and [; represents
the height of the torso-fixed point mass above the hip center.

Testbed motor
Testbed Transmission

M-BLUE Actuator  Misalignment Couplings

Torque Sensor

Fig. 5. The benchtop platform used to evaluate the AK80-9 actuator [31].
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Fig. 6. Torque and position measurements from dynamic backdrive test.

We use the standing position to calibrate zero angles for all
of 0, 0, and 6;, so we can guarantee zero torques in the
standing configuration. The locations for the offloaded point
mass were tuned by hand to assist during squat lifting: [}, =
177.8 mm into the torso for configurations with a hip joint, or
at the hip center for the knee-only configuration (implemented
as lp =0, 0, = 0). The thigh length was set to a default value
of [; = 457.2 mm, but can be easily adjusted. Due to the nature
of the control law, the controller is robust to discrepancies
between the [; input magnitude and anatomical value; it can
be seen as a slight modification of the assistance ratio «.. The
actuator torques were saturated at 25 Nm in extension, and at
0 Nm in flexion. This was done for safety and subject comfort,
as the task performed did not require knee or hip flexion.

III. BENCHTOP ACTUATOR TESTING

We characterized the AK80-9 actuator’s static and dynamic
backdrive torques to demonstrate the mechanical impedance
of the system when it is not actively providing assistance, as
well as the actuator’s friction to inform our open-loop current
control model. Friction was characterized using a custom
benchtop dynamometer setup (Fig. 5) which includes a rotary
load cell, misalignment couplings, and an antagonist actuator.
The antagonist actuator comprised a T-Motor U8 with a 50:1
transmission (Boston Gear, Charlotte, North Carolina), also
driven using a Dephy FASTER motor driver system. Data were
recorded from the actuators and the single-axis torque sensor
(TRS605, FUTEK, Irvine, California; 16-bit ADS1115 ADC)
using a Raspberry Pi 3B+ embedded computer.

A. Backdrive Tests

The static backdrive torque was quantified through manual
deflection of the actuator output shaft via analog torque wrench
(03727A, Neiko USA, China) from a stationary state until
friction was overcome and the output shaft rotated. The static
backdrive torque was measured under 0.5 Nm.

The dynamic backdrive torque was investigated by manu-
ally deflecting the AK80-9 from the misalignment coupling
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Fig. 7. Constant torque and speed test (a), and 30 Nm step test (b).

attached to the opposite side of the load cell (disconnected
from the antagonist actuator) at a frequency and amplitude akin
to those seen in the knee joint during able-bodied ambulation
[35]. We selected target trajectories of 1 and 2 Hz with a
peak-to-peak amplitude of 70 deg (Fig. 6) to approximate the
behavior of the knee joint during walking. A 120 beats/min
metronome and positional markings on the testbed governed
the manual perturbations made for this test. Each frequency
target (1 or 2 Hz) was tested for roughly 10 seconds.

The dynamic backdrive torque in this frequency range and
amplitude setting was less than 2 Nm (Fig. 6). The backdrive
torque magnitude increased from the 1 Hz to the 2 Hz target,
consistent with an inertial component of backdrive torque [7].

B. Constant Torque and Speed Tests

The actuator was characterized with a non-linear grid of
speed and torque values. Speeds included 0, 1, 3, 10, 30, 100,
and 300 deg/s, and torques included O, 1, 3, 5, 9, and 25 Nm.
We iterated through all possible combinations of positive
and negative speeds and torques (Fig. 7.a). In all cases, the
antagonist actuator controlled speed while the primary actuator
controlled current based on the nominal model 7 = g, K1,
where g, = 9 is the gear ratio, K; = 0.14 is the g-axis torque
constant [34], and ¢ is the g-axis motor current. A brief 30 Nm
step test confirmed the maximum torque (Fig. 7.b).

C. System Identification

We used a least squares regression to predict the torque
sensor values resulting from the constant torque and speed
test. We chose to fit a model of the measured output torque

Toutput = b+ gT(kT - kﬂ ||Iq||)Iq
— (fe + fqabs(1y))sign(0), 3)

with b a torque sensor bias, k, the nominal torque constant,
k, a nonlinear current to torque relationship parameter, fc
a Coulomb friction term, f, a gear friction term, and I,
the g-axis current. This model incorporates known friction
phenomena and a term for non-linearity of the torque-current
relationship, as we suspected magnetic saturation near the
upper limit of the motor’s operating range. We filtered both the
regressor matrix and the target torque with a second order low
pass filter (2 Hz, ¢ = 0.7). This 2 Hz frequency was chosen to

focus the model on accurately predicting steady-state torque
rather than the torque and current transients.

We found a model with 95% of errors less than 0.39 Nm.
This model’s nonlinear torque constant k, + ky||1,|| varied
linearly between 0.147 Nm/A near zero current to 0.125
Nm/A at 20 Amps (g-axis). Coulomb and gear friction were
modeled at 0.37 Nm and 8.8% of the nominal torque, respec-
tively. The existence of a gear friction component implies that
backdriving resistance at high torque values will be larger
than the backdriving resistance we measured in the static
backdriving test, which was a zero-torque test.

D. Identifying Inertia

The constant torque and speed test is not well conditioned
to estimate the reflected inertia, but the dynamic backdrive
test shows the influence of reflected inertia. We performed a
second regression on the first model’s residual when applied
to predicting the result of this backdrive test. The filter from
the previous identification was re-used.

The second model included only a bias and a reflected
inertia term. The second model regression reduced the torque
prediction RMSE in the dynamic backdrive trial from 0.28 Nm
to 0.061 Nm. For reference, the filtered torque signal from
this trial had a RMSE of 0.36 Nm relative to zero-torque,
demonstrating the effect of inertia which the first model fails
to describe. The reflected inertia estimate was 92.11 kg - cm?,
less than half of the reflected inertia of our previous knee
exoskeleton actuator (200.9 kg - cm?) [7].

IV. HUMAN SUBJECT EXPERIMENT
A. Methods

A single able-bodied human subject (male, 34 years old,
82 kg, 178 cm tall) was recruited for the lifting/lowering
case study. The experimental protocol was approved by the
Institutional Review Board of the University of Michigan
(HUMO00164931). After appropriate skin preparation, we taped
six electromyography (EMG) electrodes (Trigno Avanti, Del-
sys, Massachusetts, USA) onto the subject’s right lower limb
over the vastus medials oblique (VM), vastus lateralis (VL),
rectus femoris (RF), biceps femoris (BF), semitendinosus
(ST), and gluteus maximus (GM) to assess muscle activation.
A maximum voluntary contraction (MVC) procedure which
consisted of explosive squats (dynamic contraction) as well as
maximal isometric contraction against manual resistance was
completed and used to normalize EMG data to %MVC.

The lifting/lowering experiment was performed over floor-
embedded force plates (AMTI, Massachusetts, USA). The
subject stood with each foot on a separate force plate, and was
provided visual feedback of the vertical ground reaction forces.
Visual feedback was provided to ensure the subject retained
symmetrical loading of their legs. We tested four experimental
modes: bare mode (without exoskeleton), and hip-only, knee-
only, and hip-knee exoskeleton configurations (see Fig. 1). The
modular exoskeleton counteracted approximately 20% of the
gravitational torques on the supported joints (hip and/or knee).
For each configuration, the subject performed 20 alternating



6 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JANUARY 2, 2022

lifting and lowering (L&L) squats using a 12.5 kg mass—
approximately 15% of the subject’s body mass. The sequence
of the trials was bare, knee only, hip only, then hip-knee.
All trials were performed on the same day. A 60 beats/min
metronome was used to guide the subject’s squatting pace in
all trials. The L&L sequence started with the subject standing
upright on the first beat. On the second beat, the subject
achieved a squat position and either grasped or released the
weight for a lifting or lowering trial, respectively. The sequence
ended with the subject returning to an upright standing posture
on the third beat. Approximately 2-3 seconds (2-3 beats) of rest
was taken after the third beat. About 10-15 minutes of rest was
provided between configurations. A supplemental video of the
experiment is available for download.

We cropped L&L trials into individual repetitions using
the thigh angle (acquired from additional sensors in the RF
EMG sensor). Each muscle’s EMG was demeaned, bandpass
filtered (20 - 200 Hz), and smoothed with a moving 100 ms
window RMS filter. After normalizing the EMG to %MVC,
we calculated the integral with respect to time to represent
muscular effort as %MVC:-s for each repetition. Further, the
peak muscle activation during each repetition was found.

B. Results

The M-BLUE system delivered meaningful assistance to the
knee and/or hip during the L&L task, enabling considerable
reductions in activation of the squat musculature. Extension
torques up to 26 Nm and 15 Nm were delivered to the knee
and hip joints, respectively (see Fig. 8). The ensemble average
EMG plots (Fig. 9) show that the assistance torques were
generally synchronous with the knee and hip extensor muscle
activations, especially during the concentric part of the motion
(50-100% L&L cycle). Muscle activation was generally quite
low during the eccentric part of the motion (0-50% L&L
cycle) for all modes. Importantly, muscle activations (barring
the BF) in the concentric portion were substantially lower
for all exoskeleton configurations compared to bare mode.
Major reductions in muscle activations were apparent with
configurations that included the knee module. Addition of
the hip module to the knee module did not result in further
EMG reductions. Yet, the hip-only configuration facilitated
meaningful EMG reductions compared to bare. Ultimately, the
summary metrics (muscle effort and peak activation) in Tabs.
I-II show M-BLUE was beneficial in all three exoskeleton
configurations. With the exception of the BF, the mean effort
and mean peak EMG of all muscles tested were substantially
lower with exoskeleton assistance than without it. In contrast,
the BF activations were quite similar for all modes, with the
standard deviations overlapping throughout the L&L cycle.

V. DISCUSSION

The presented design and performance characteristics of M-
BLUE demonstrate its potential impact for clinical applica-
tions. The benchtop and human subject experiments indicate
this design paradigm is appropriate for assisting the muscula-
ture of individuals with mild to moderate impairments. These
aspects of the study are discussed below, and serve to motivate
future work with M-BLUE.
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Fig. 8. Knee (left) and hip (right) torques for knee-only (K), hip-only (H),
and hip-knee (H-K) exoskeleton configurations during L&L tasks.
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TABLE 1
MEAN MUSCULAR EFFORT (&£ SD) COMPARISONS.
| Bare Knee Hip Hip-Knee
VM | 332 (6.6) 10509 27729 13422
RF 26.2 (3.8) 6.5 (0.9) 21.2 (2.6) 9.0 (1.8)
VL 18.0 (3.9) 6.7 (0.6) 147 (1.9 7.9 (0.8)
BF 31.5(6.4) 41.8(7.0) 42.1(7.2) 429 (11.3)
ST 199 3.4) 7.4 (0.9) 143 (2.1) 8.8 (1.5
GM | 12.6 (1.8) 85 (1.3) 114 (1.0) 82 (1.2)
TABLE 11
MEAN PEAK ACTIVATION (4 SD) COMPARISONS.
| Bare Knee Hip Hip-Knee
VM | 44.1 (10.8) 9.3 (1.5) 29.4 (6.6) 10.4 (1.9)
RF 33.8 (8.3) 6.1 (1.3) 24.4 (6.4) 74 (2.1)
VL 29.3 (8.2) 6.0 (1.1) 19.8 (6.9) 6.8 (1.2)
BF 504 (14.1) 58.1 (11.6) 53.6 (13.0) 66.5 (23.9)
ST 29.6 (9.7) 7.7 (1.9) 16.0 (5.1) 10.5 (3.4)
GM | 17.0 (5.6) 9.1 3.2) 11.7 (2.8) 8.5 (2.9)

1) Hardware Performance: The molded plastic and sheet
metal structure (both the stock components and the custom
revisions) adequately transferred the applied loads, and may
be able to withstand even higher output torques. Future exper-
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imentation will confirm whether the current design paradigm
is sufficient for the upper limit of the actuators’ torque
capabilities (30 Nm). The rapid don/doff time and ease of
adjustment provided by the commercial orthotic interface will
facilitate productive research sessions, particularly in instances
where the wearer’s available time is a limiting factor. Further
design refinements may improve the physical system through
the introduction of mechanisms to prevent distal sliding of
the knee brace, and to allow passive ab/adduction of the hip
joint to occur more freely. Considerations will also be made
for interfacing M-BLUE with the commercial Dephy ExoBoot
[10], [33] in cases where plantarflexion assistance is merited.

2) Benchtop Analysis: The benchtop assessment of the M-
BLUE actuators indicated that these actuators are well-suited
to the application of partial-assist, lower-limb exoskeletons
in terms of cost, comfort, and ease of control. The low
backdrive torque exhibited during zero current control, even
during highly dynamic perturbations, suggests that M-BLUE
will be capable of assisting users across a variety of tasks
(overground walking, stairs, etc.), not only those which occur
on a more gradual timescale (such as L&L). The precision with
which the derived torque output model predicts the actuator’s
behavior across torques and speeds indicates that M-BLUE
is capable of executing open-loop control reliably. This has
significant implications on cost and weight, as it eliminates
the need for additional sensor hardware to close the feedback
loop and achieve high-performance control.

3) Preliminary Human Subject Results: The single human
subject experiment yielded promising results, with the majority
of the investigated muscles showing a clear reduction of both
peak muscle activation and effort, particularly in configurations
that include the knee module. The knee actuator alone pro-
duced substantial EMG reduction, with prominent decreases
visible in most of the muscles’ activation profiles, while the
addition of the hip actuator did not substantively improve
performance. This can likely be attributed to the greater knee
joint deflection required to perform a squat lift (relative to the
hip joint). The results of this preliminary study suggest that
the knee-only configuration may have the greatest potential
for reducing fatigue in repetitive squat lifting tasks, although a
higher assistance ratio for the hip controller may improve the
hip module’s efficacy by increasing the torque output. It is also
possible that the hip module would have a greater effect on
EMG during activities that demand more work at the hips, such
as a stoop lift [40]. Recent industrial exoskeletons actuate the
hip for this purpose [41], [42], whereas actuating distal joints
like the knee may promote the safer squat lifting technique.

4) Future Clinical Studies: This modular orthotic technol-
ogy has the potential for clinical impact in several populations
with mild to moderate joint-specific impairments. First, the
L&L case study suggests the presented system can reduce
muscular fatigue leading to risky lifting posture [32]. Assisting
the quadriceps in particular may encourage and prolong the
use of the recommended squat technique in workplace L&L
tasks known to cause low back pain [40]. Thus, bilateral
configurations of M-BLUE could serve to prevent chronic
overuse musculoskeletal injuries in the workplace, which cost

employers billions every year [43]. Second, M-BLUE could
provide a novel non-surgical treatment for osteoarthritic pain
associated with compressive loads at the hip or knee. We
previously found that lightweight exoskeletons without a load-
bearing parallel joint structure (as in military exoskeletons)
are well suited for reducing compressive joint loads due
to muscle contraction [44]. Conventional OA braces unload
the medial or lateral compartments of the knee but cannot
unload the patellofemoral compartment, which can only be
done by reducing quadriceps muscle force. Our modified
hip orthosis could provide a new orthotic treatment for hip
OA, which is more difficult to unload than the knee. By
reducing peak muscle activation/force, patients may be able to
perform demanding tasks such as sit-stand and stair climbing
with less pain, encouraging a more active lifestyle to control
the progression of OA. Third, targeting stroke deficits may
reduce compensations at more functional joints, reducing the
associated cognitive burden, energy expenditure, fall risk, and
joint overuse [45]. This motivates applications in mobile gait
training to increase flexibility in the clinic and dosage via
community-based therapy. Fourth, bilateral hip and knee or-
thoses could improve mobility and quality of life for individu-
als with age-related immobility [2]. Some of these populations
would further benefit from integration of the Dephy ExoBoot
[10], [33] as an ankle module for plantarflexion assistance.
These investigations are left to future work.

VI. CONCLUSION

This paper introduced the design and validation of a modular
exoskeleton system (M-BLUE) that leverages highly back-
drivable, torque-dense actuators and commercial orthoses. The
benchtop tests verified the low mechanical impedance of the
actuator and the accuracy of open-loop current control as a
means to achieve desired torques via a regression-based model.
The human subject experiment confirmed the compatibility of
our modular exoskeleton system with an able-bodied wearer,
and demonstrated the efficacy of the device at substantially
reducing muscle activation during a demanding L&L task.

Future work will include the extension of the modular design
to encompass bilateral configurations including a powered
ankle joint, as well as implementation of more advanced task-
invariant controllers [25], [26]. Future human subject experi-
ments will investigate the performance of these configurations
and controllers on larger populations of able-bodied subjects,
along with pathological populations such as osteoarthritis and
age-related frailty. We will also compile and disseminate
instructive guides on the disassembly of stock brace configura-
tions and installation of M-BLUE hardware to assist clinicians
in the implementation of modular exoskeletons.
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