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Although the field of wearable robotic exoskeletons is rapidly expanding, there are several barriers to entry that dis-
courage many from pursuing research in this area, ultimately hindering growth. Chief among these is the lengthy and
costly development process to get an exoskeleton from conception to implementation and the necessity for a broad
set of expertise. In addition, many exoskeletons are designed for a specific utility and are confined to the laboratory
environment, limiting the flexibility of the designed system to adapt to answer new questions and explore new do-
mains. To address these barriers, we present OpenExo, an open-source modular untethered exoskeleton framework
that provides access to all aspects of the design process, including software, electronics, hardware, and control
schemes. To demonstrate the utility of this exoskeleton framework, we performed benchtop and experimental vali-
dation testing with the system across multiple configurations, including hip-only incline assistance, ankle-only
indoor and outdoor assistance, hip-and-ankle load carriage assistance, and elbow-only weightlifting assistance. All
aspects of the software architecture, electrical components, hip and Bowden-cable transmission designs, and control
schemes are freely available for other researchers to access, use, and modify when looking to address research ques-
tions in the field of wearable exoskeletons. Our hope is that OpenExo will accelerate the development and testing of
new exoskeleton designs and control schemes while simultaneously encouraging others, including those who would

have been turned away from entering the field, to explore new and unique research questions.

INTRODUCTION

Exoskeletons hold potential as mobility-enhancing and rehabilita-
tive tools capable of transforming how, when, and where individuals
engage in activity. Although the field is relatively young, it has seen
a substantial increase in interest within the past 15 years. Termed
“the exoskeleton expansion” by Sawicki and colleagues (1), this in-
creased interest has led to the development of tools with a wide
range of applications, including rehabilitative devices to aid those
with movement deficits [such as individuals with cerebral palsy (2—-
4), stroke (5-8), or age-related mobility limitations (9-11)], assistive
devices to enhance mobility across varied activities (12-14), mili-
tary devices to amplify soldiers’ ability (15, 16), and ergonomic de-
vices to increase productivity and/or minimize injury in demanding
workplace environments (17-19).

Despite a large increase in activity within the field of wearable ro-
botics, it is still in its relative infancy. One reason for this continued
infancy is the field’s considerable barrier to entry. This barrier is char-
acterized by a lengthy and costly developmental process that involves
designing software, electronics, hardware, and control schemes. Each
of these stages is independently challenging and often interconnect-
ed, leading to a multistep, iterative process that requires a substantial
investment of time and resources before original research can be
performed. An additional barrier is that the field is relatively inacces-
sible to nonexperts. That is, to develop an exoskeleton device, one
needs expertise in a broad set of domains, including mechanical and
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electrical engineering, robotics and controls, and biomechanics, which
can be prohibitive for those lacking experience in one of these disci-
plines (such as biomechanists). In addition to a high barrier to entry,
the field is also limited by the use of highly specialized, organization-
ally embedded systems. This limitation manifests in several different
ways. First, the creation of highly specialized devices (such as a device
solely focused on ankle plantar flexion) leads to inefficiencies when
researchers want to explore a new domain (like the hip joint) because
much of the software and hardware used in one device will have to be
adapted to interface with a new device. Second, there is a large variety
of organization-specific software and hardware that groups use to
conduct their research. This results in increasingly isolated and spe-
cialized systems that make research harder to replicate, further con-
tributing to the reproducibility crisis faced by much of the research
community (20). Last, these specialized, closed-source devices typi-
cally lead to small sample sizes during experimental testing, which
increases the likelihood of irreproducible work. One solution to these
challenges would be the establishment of a fully open-source exoskel-
eton system. Similar devices in other fields, such as prosthetics (21)
and quadrotor flight (22), have proven to be valuable tools to new and
established researchers. Some have tried to develop open-source exo-
skeleton devices before, such as OpenBionics’ exoskeleton glove (23),
flexible, scalable electronics architecture (FlexSEA) (24), and the
pediatric-focused assistive lower limb controlled exoskeleton (25),
but these devices are highly specialized and thus relatively inflexible
and therefore less likely to be adopted. These challenges could be
addressed by developing a fully open-source system that is accessi-
ble to those without complete expertise in the field while simulta-
neously being flexible enough to facilitate new device designs with
minimal changes needed to the system’s architecture.

To address this, we have created OpenExo, a modular open-source
exoskeleton system (software, hardware, electronics, and controls)
for researchers and curious global citizens to access, use, and expand
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as they see fit. Here, we present the design of the software, electron-
ics, and hardware interfaces of this open-source system, character-
ize its performance, and demonstrate its modularity by assessing
functionality under a variety of assistive configurations (hip-only,
ankle-only, hip-and-ankle, and elbow). Our hope is that our com-
munity and those who wish to enter the field will embrace OpenExo,
use it to interface with original joint assembly end effectors, and
bring us closer to making exoskeletons a reality of everyday life.

RESULTS

Open-source tool

All resources related to OpenExo (Fig. 1 and Movie 1) can be found
at theopenexo.org. This includes a software package capable of use
with or without modification to support the testing of new hardware
and control approaches without the need for extensive develop-
ment of supporting code (fig. S1); a detailed electrical architecture
(fig. S2), including a printed circuit board (PCB) designed to inter-
face with the software package while actuating up to four individual
joints simultaneously; and an open-source hip design (fig. S3A) and
Bowden-cable transmission system (figs. S3B and S4). These re-
sources are supported with documentation to help facilitate usage
and modification for experts and novices alike. This includes a guide

to the structure and function of the software and how to perform
key modifications, like adding new joints, controllers, sensors, and
motors, and a guide to introduce novices to the programming lan-
guage used throughout (C++). This also includes information on
using a companion Python application capable of facilitating device
operation while giving users the ability to modify control parame-
ters and monitor/store data in real time. We have also detailed the
structure and function of the PCB, included information on how
and where to get it externally manufactured, and provided the files
needed to enable researchers to modify it for their own needs. Last,
we have provided supporting documentation for the construction of
a direct-drive hip device and a Bowden-cable transmission system.
This includes part files, a complete bill of materials, a step-by-step
guide to manufacturing and constructing (machining and assembly
of parts and creation of wires and cables), and directions to third-
party resources for those who lack the means to manufacture the
hardware in house.

Design goals

There were several design goals that went into the creation of this
system. First, we wanted to create a device that could be used in any
setting, including indoor, outdoor, and mixed-terrain environments.
Second, the device needed to have a logical and easy-to-follow software

OpenExo
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Interface with custom end-effectors

Waist Assembly
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PCB), motor mounting hardware
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Fig. 1. Overview of OpenExo and its modular features, including swappable hardware components and customizable software. The modular hardware compo-
nents include an untethered waist belt that houses the electronics and supports up to four motors at a time, with direct-drive and Bowden cable-based transmission
options. The customizable software includes an open-source exoskeleton control package designed to have a high degree of modularity to accommodate new joints,
motor types, sensors, and control approaches. This software also contains a companion Python application to help users operate and control the system in real time, in-
cluding the ability to plot and store data, update controller parameters, and provide biofeedback. API, application programming interface; GUI, graphical user interface;
BLE, bluetooth low energy; UART, universal asynchronous receiver-transmitter; PWM, pulse width modulation; 12C, interintegrated circuit; SPI, serial peripheral interface.
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Movie 1. Overview of OpenExo, highlighting aspects of the software, electrical, and hardware components, as
well as the benchtop engineering and experimental validation for the different configurations.

structure that would be accessible to both experts and novices. Third,
we wanted a simple electrical architecture that could support both
single- and multijoint applications while being easily revisable to
meet researchers’ needs. Fourth, we wanted a hardware system that
could support multiple configurations, all of which could be easily
swapped depending on the user’s desired task. Fifth, we aimed to
develop an easy-to-manufacture, low-cost hip configuration to en-
able novices to replicate our work and begin developing their own
projects. Sixth, we sought to develop a Bowden-cable transmission
system that could serve as a starting point for others to pursue in-
novative end-effector designs. Last, principles of modularity had to
be embedded into all aspects of the system to facilitate testing of
new hardware and control schemes without extensive modifica-
tion. To summarize, we sought to design a single flexible system
that could be customized to many different joint configurations
while being capable of being used by anyone in any setting. To
achieve this, we embedded principles of modularity in all compo-
nents of the system including its software, electrical architecture,
and hardware.

Software

The chief source of modularity in our system comes from the soft-
ware architecture. Our software was developed using a combination
of C++ and Arduino languages, with the principle of inheritance-
based polymorphism (realized through parent-child and abstract
classes) used to achieve a high-degree of modularity, reduce redun-
dancy, and minimize dependencies. Figure S1 outlines the structure
of the software, which was designed to have a logical, easy-to-follow
form. The system starts broad and develops a narrower focus as it
proceeds through its computations, starting with functions related
to overall exoskeleton usage; accessing computations specific to
each side; and then getting into computations specific to joints that
include accessing the controllers, sensors, and motors assigned to
those joints. The controller, sensor, and motor computations are all
self-contained and accessed by instances of joints. That is, if you
have a controller capable of operating on multiple joints, you do not
need to repeat the controller definitions for each joint; they can be
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defined once and accessed by any joint
that can operate the said controller.

To avoid having to directly modify
the software every time a change in con-
figuration was desired, we designed the
system to pull in the configuration in-
formation from a file stored on a secure
digital (SD) card. Through this, users can
change which joints and sides of interest
they would like to run as well as which
controller is the default mode of opera-
tion for the specified joint. In addition,
we developed a companion Bluetooth
application in Python to allow users to
update controller parameters and moni-
tor and store data during operation.
Electrical architecture
Our focus was on developing simple, in-
tuitive electronics to facilitate fabrication
of an exoskeleton device among indi-
viduals who may not have expertise in
electrical design. Previous open-source
electrical architectures, such as FlexSEA
(24), are extremely modular but also rather complex because of the
use of multiple interconnected PCBs, which may limit more wide-
spread adoption and discourage researchers from attempting revi-
sions. We opted for a simpler approach that encourages iteration and
revisability to help facilitate longer-term adoption.

Our PCB consists of one board that can support up to four in-
dividual joints at a time. We developed the board to interface with
CubeMars’ AK-series motors (Nanchang, China) because they are
powerful enough to provide torques for larger adults and during
more challenging tasks, such as multiterrain walking. In addition,
there are multiple versions of these motors that all rely on the
same communication scheme [controller area network (CAN)].
Thus, by designing the electronics and software to interface with
CAN communication, researchers can choose which version of
the AK-series motors to work with, further enhancing modularity.
For example, if a researcher wanted to use the device on a pediat-
ric individual or during a low-demand task, then the AK60-6v1.1
motor could be used because it has smaller torque-generating ca-
pabilities while being lighter than other versions. If a researcher
wanted to use the device on an adult or during a higher-demand
task, they could switch to the AK80-9 version to get higher torques
at the trade-off of added mass. The board was also designed to take
an eight-pin ribbon cable connector on each side, providing room
for multiple analog sensor connections, such as force-sensitive re-
sistors (FSRs) and torque transducers, that can aid in device con-
trol. Additional sensors and microcontrollers can be integrated
with the electronics module using an interintegrated circuit, a se-
rial peripheral interface, or further analog input/output breakout
connections. Sensor data are collected and integrated with the
control code at 500 Hz. Documentation on using differing com-
munication protocols and for modifying the software to take new
boards, sensors, and motor types is available to help users adapt
the system to their needs.

Hardware
The software and electrical architectures were designed to be modu-
lar so that researchers could develop hardware capable of assisting
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any upper- or lower-extremity joint of interest. To highlight this,
we developed different configurations to interface with this system.
This included hardware to aid the hip (fig. S3A), ankle (fig. S3B),
and elbow (fig. S3D). All configurations were designed to interface
with the same waist belt and can be combined (fig. S3) and swapped
quickly (fig. S5) to enable researchers to explore new types of exo-
skeleton assistance with minimal retooling necessary (Fig. 2). To
facilitate replication by nonexperts, the hip hardware was designed
to be simple, easy to manufacture, low cost, and capable of operating
accurately under open-loop control. In addition, we have included
the design of our belt-side Bowden-cable transmission so that oth-
ers may replicate and explore new end-effector design approaches
via this form of actuation (fig. S4). In all cases, the hardware was
designed to operate only with the electronics embedded in the waist
belt to enable researchers to use the device in both indoor and out-
door settings.

Engineering validation

We quantified the capabilities of the system by completing benchtop
and performance tests for each configuration. This included bench-
top testing to characterize the responsiveness of the device to chang-
es in torque, torque-tracking tests during functional operation to
understand the accuracy of the prescribed assistance, duration test-
ing to gain insight into the limiting factors surrounding device life
span, and mechanical power characterization during functional op-
eration (Supplementary Methods).

Benchtop testing

We characterized the responsiveness of each joint when subjected
to a step response at experimentally relevant torque magnitudes
(Fig. 3A). To achieve this, all devices needed an inline torque trans-
ducer so that applied torque could be measured and compared with
what was prescribed. This required a small change in the design of
the hip hardware (fig. S6A). In all cases, the device operated with the
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Fig. 2. OpenExo was designed to be modular to facilitate a variety of different configurations with minimal retooling. (A) Example hip-and-ankle configuration.
Users can select different types of motors (AK60, AK70, or AK80) and different transmission systems (direct drive or Bowden cables) to facilitate joint actuation. These op-
tions interface with the PCB that also reads data from sensors, such as pressure sensors, to help facilitate control. A variety of low (closed- or open-loop), mid (gait phase
or state machine), and high (spline based or proportional moment based) level control approaches is available. To enable seamless use without extensive retooling of the
code, users can specify key configuration information (joints used, default controller/controller parameters, and sensors) on an SD card that interfaces with the PCB. Using
the companion Python application, users can begin device operation, monitor sensor and exoskeleton data in real time, and update controllers and their parameters as
needed. To switch to a different configuration, such as (B) an elbow-only configuration, all that users would need to do is switch out the hardware interfacing with the belt
and modify the configuration information on the SD card. No modifications to the software or PCB are required. In each panel, the red dashed line represents prescribed
torque, and the solid green line represents measured torque.
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Fig. 3. Results from the benchtop validation and duration testing. (A) Step response test for the hip, ankle, and elbow configurations. Each configuration displayed fast rise
times with minimal overshoot/undershoot. (B) Torque-tracking test for the hip, ankle, and elbow using the same control schemes as the experimental validation. Each configura-
tion had a low tracking error (~7% of the maximum torque magnitude). The black line is the prescribed torque, and the red line is the average measured torque across all steps (for
the hip and ankle configurations) or repetitions (for the elbow) from one user. The shaded regions represent 1 SD. (C) Battery capacity (blue) and motor temperature (gold) over
the course of a duration test for the hip, ankle, and elbow configurations. The elbow configuration was halted after 30 min but had an estimated operation time of 72 min. In each
case, the battery was the limiting factor. It should be noted that prolonged contact of skin (>5 s) on surfaces with temperatures exceeding 60°C may cause serious risk of injury,
and we recommend incorporating heat shielding, available as an alternative hardware component (see documentation), into the design of each configuration as a precaution.

low-level control scheme intended for use while worn by a user. That
is, the hip device, despite the presence of the torque transducer,
operated under open-loop control, whereas the ankle and elbow
devices operated under closed-loop control. When subjected to an
open-loop step response of 6 Nm, the hip device had a rise time of
3.0 ms and an overshoot of 0.30%. During closed-loop control, the
ankle configuration had a rise time of 65.0 ms and an undershoot of
1.8% when subjected to a step response of 28 Nm, whereas the elbow

Williams et al., Sci. Robot. 10, eadt1591 (2025) 25 June 2025

configuration had a rise time of 35.8 ms with an overshoot of 6.4%
under a 10-Nm step response (26).

Torque tracking

To characterize the accuracy of the prescribed assistance, individu-
als donned and operated each configuration during its intended
function while the measured and prescribed torques were recorded
(Fig. 3B). While operating on a controller developed by Bryan et al.
(27) and Franks et al. (28) and walking at a speed of 1.25 m s™', the
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root mean square error (RMSE) of the hip device was 0.30 Nm (7.3%
of the set point), suggesting that the control paradigm was accurate
despite the lack of closed-loop control. While configured for ankle
assistance using a previously described proportional joint moment
controller (29, 30) and walking at a speed of 1.25 m s, the device
maintained this same level of accuracy with a RMSE of 2.00 Nm
(7.1% of the set point). Last, while assisting the user during a repeti-
tive lifting task (26), the elbow configuration displayed a similar
accuracy as the hip and the ankle, with a RMSE of 0.84 Nm (7.0% of
the set point).

Duration testing

To fully characterize the utility of a device, it is important to under-
stand how long it can operate and its limiting factors. Thus, a dura-
tion test was performed with a user operating the device in each
configuration while using a 22.2-V, 1800-mAh lithium polymer (LiPo)
battery (HRB; Fig. 3C). For the hip, ankle, and hip-and-ankle con-
figurations, this involved walking on a treadmill at 1.25 m s~' with
hip flexion (5 Nm) and extension (5.5 Nm) assistance and/or ankle
plantar flexion assistance (28 Nm). As the device operated under
these conditions, the battery voltage and the motor temperatures
were recorded at 1-min intervals. The test was halted once the motors
reached their temperature limit (100°C) or the battery reached the
manufacturer’s recommended stopping voltage (3.7 V per cell =222V
total). The room temperature for each test was 21.1°C. The open-
loop hip configuration was able to operate for 35 min. During this
time, the average motor temperature increased without reaching a
steady state, whereas the battery voltage decreased steadily. At the
end of the walk, the motors had reached a temperature of 76.7°C,
whereas the battery had reached the manufacturer’s recommended
limit of 22.2 V (~900 mAh). The ankle configuration was able to
operate for 25 min. Like the hip, the motor temperature continu-
ously increased but failed to level off, reaching a temperature of 56.8°C,
whereas the battery decreased until reaching the manufacturer’s rec-
ommended limit. When configured to provide simultaneous assis-
tance to the hip and ankle joints, the device was able to operate for
15 min. Like the other configurations, the motor temperatures failed
to level off, reaching a temperature of 56.7°C at the hips and 40.8°C
at the ankles, whereas the battery reached the manufacturer’s limit
(fig. S7). It should be noted that, although the manufacturer recom-
mends a limit of 3.7 V per cell, this is with optimal long-term battery
health in mind and likely represents a conservative estimate of bat-
tery life. For typical operation, it is likely that the battery could be
operated down to ~3.2 V per cell (~19.2 V total) before reaching its
true limit. As a result, the battery voltage is presented as a percent-
age capacity and is terminated at 50%.

To estimate the run time of the device when configured for elbow
assistance, we had a user simulate a workplace task. Specifically, the
individual lifted a 10-kg box off a table and carried it 10.8 m to a
second table, where it was placed for 1 s before being lifted and car-
ried 3.5 m back to the first table and placed in its original position
(fig. S8). This cycle was repeated over a 30-min period while the user
received 12 Nm of flexion assistance when holding the box. To sim-
ulate down time in a workplace environment, such as for product
inspection, we had the user complete every third cycle without car-
rying the box. As the device operated under these conditions, the
battery voltage and motor temperatures were recorded at 2-min in-
tervals. After 30 min, the user had completed 122 cycles, and the
device had reached 79% of its operating voltage (23.8 V) and capac-
ity (1422 mAh) with a motor temperature of 37.6°C (Fig. 3C).
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Extrapolating this rate of power consumption, it would take ~72 min of
operation or ~293 cycles until the battery reached the manufac-
turer’s recommended limit (representing 50% of its capacity).

Experimental validation

To demonstrate the versatility and utility of our open-source system,
we recruited healthy adults (n = 7; table S1) to complete activities
while the device operated in its different configurations. We selected
activities that we thought would elicit the most benefits from device
usage. This included incline walking while configured for hip assis-
tance (n = 2), because the hips contribute more to positive power
generation during incline walking (31). This also included outdoor
and indoor walking while configured for ankle assistance (n = 1),
because the ankles contribute the most positive power during level
walking (31). We sought a high-demand task for multijoint assis-
tance and thus selected load carriage during level walking for the
combined hip-and-ankle configuration (n = 2). Last, we had users
lift weights to fatigue (n = 2) while the device was configured for
elbow assistance.

Hip assistance during indoor incline walking

Two individuals (P1 and P2; table S1) performed incline treadmill
walking trials at 7.5° while outfitted with a portable, indirect calo-
rimetry metabolic unit (K5, COSMED). Both individuals walked at
a comfortable walking speed (P1: 1.0 m s™'; P2: 0.85 m s™") for 8 min
with and without the device configured for hip assistance. Metabolic
power for the last 2 min of each trial was calculated and normalized
by body mass and walking speed to determine the steady-state cost
of transport (COT) (29, 32). Both participants displayed reductions
in the COT while using the hip exoskeleton (versus without) during
incline walking (Fig. 4A). P1 had an 8% reduction in COT (Shod:
6.72] kg_1 m™'; Exo0: 6.17] kg_1 m) compared with the shod condi-
tion, whereas P2 had a 14% reduction (Shod: 7.35 ] kg_l m™%; Exo:
6.29 kg  m™).

Ankle assistance during level indoor treadmill walking

One individual (P3; table S1) completed metabolic testing trials
with and without the device configured for ankle assistance during
level indoor treadmill walking at a speed of 1.25 m s ™. Each walking
trial lasted 8 min, from which the COT during the last 2 min was
used as a steady-state comparison between the conditions. The par-
ticipant exhibited an 8% reduction in the COT while receiving ankle
assistance compared with walking without the exoskeleton (Shod:
219 kg™ m™"; Exo: 2.02 J kg™' m~’; Fig. 4B).

Hip-and-ankle assistance during walking with load carriage
Two individuals (P4 and P5; table S1) walked on a treadmill at a self-
selected speed (P4: 1.25 m s7h P5: 1.25 m s7Y) while wearing a
weighted vest with a moderately sized load (22.5% of body weight).
Each user walked 8 min with and without the device configured
for simultaneous hip-and-ankle assistance while metabolic data were
collected via indirect calorimetry. The COT was calculated for the
last 2 min of each condition to enable comparison between the
approaches. Both participants had reductions in the COT with
combined hip-and-ankle assistance (versus no device; Fig. 4C).
P4 had an 8% reduction in the COT (Shod: 2.68 ] kg_1 m™Y; Exo:
2.46 T kg™' m™") compared with the shod condition, and P5 displayed
an 18% reduction (Shod: 2.59 ] kg_1 m™}; Exo: 2.13 ] kg_l m™Y).
Ankle assistance during outdoor walking

To demonstrate the untethered nature of the system, the same indi-
vidual who completed ankle-assisted indoor testing (P3; table S1)
completed walking trials on outdoor terrain. This involved walking
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Fig. 4. COT for each of the experimental treadmill tasks. COT with and without
(A) hip assistance during 7.5° incline walking (n = 2), (B) ankle assistance during
level walking (n = 1), and (C) combined hip-and-ankle assistance while walking
with a weighted vest (n = 2). Each user had a lower COT while receiving assistance
(blue) when compared with walking without the device (gray). All three images are
representative images of a user walking with the specified configuration during the
task of interest.

with and without the device configured for ankle assistance in a
1650-m loop at a park (Fig. 5). The time to complete the loop and
the number of steps taken with the right leg were recorded and used
to calculate the average speed and stride length of the user. When
walking outdoors in the exoskeleton (versus without), the user com-
pleted the loop faster and with fewer steps, resulting in a longer av-
erage stride length and a faster average walking speed (Fig. 5C),
suggesting improved mobility while using the device.

Elbow assistance during weightlifting

Surface electromyography (EMG) electrodes were placed on the
short head of the biceps brachii of the dominant arm of two indi-
viduals (P6 and P7; table S1). These individuals then performed
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weight curls with a 19.5-kg object until reaching fatigue with and
without the device configured for elbow flexion assistance while we re-
corded muscle activity. A 60-beats-per-minute metronome prompted
users to raise and lower the object (leading to a full cycle every 2 s)
with a repetition being considered one complete cycle from the down
position back to the down position (Fig. 6A). Both participants saw
increases in the number of repetitions they could perform with el-
bow assistance (Fig. 6B). P6 increased their repetitions from 7 to 14
with assistance (+100%), whereas P7 increased their repetitions from
6 to 22 (+267%). These increased repetitions were supported by re-
ductions in peak biceps activity (P6: —35%; P7: —57%). Together,
these results indicate that elbow assistance during weightlifting may
increase endurance of the user, which could lead to increased pro-
ductivity and/or decreased injury risk in a physically demanding
environment. More extensive testing (n = 9) with this configuration
supported these findings, with other users demonstrating reduced
fatigue during lifting and during more complex tasks in a simulated
workplace environment (26).

DISCUSSION

This article describes the design and validation of an open-source
exoskeleton system aimed at growing the field of wearable robotics.
This tool can be used as presented or as a starting point to be modi-
fied for the user’s own interests. Here, we outlined the design of the
system’s components, including the software, electronics, and mul-
tiple hardware configurations, and evaluated the device’s function
under these configurations.

The most important feature of the system is its modularity. In
particular, the fully open-source and modular software system pro-
vides users access to a subcomponent of exoskeletons that is typi-
cally not accessible/detailed. The creation of a software structure,
particularly one that is adaptable, is a time-consuming process that
requires substantial troubleshooting and revision before productive
research can be performed. For groups who have iterated on years of
prior closed-source work, this is not much of a barrier, but for those
looking to get started in the field and those without extensive exper-
tise, the design of this subcomponent can be a daunting challenge
that ultimately delays or prevents many from contributing to the
field. Our hope is that those interested in pursuing exoskeleton re-
search can use this software, and the other tools that are a part of
this system, to begin exploring new and unique applications of these
devices. Simultaneously, we hope that others who do have experi-
ence with exoskeletons can use this as an untethered test bed to be-
gin to explore hardware and control approaches that take these
devices outside of the laboratory setting. Our long-term vision for
OpenExo is for researchers within and across disciplines to contrib-
ute to its growth by sharing their hardware and control approaches
for all to access, ultimately accelerating the growth of the field, en-
hancing reproducibility, and moving us closer to a wearable future.

When evaluating OpenExo under its different configurations, we
found fast and accurate responses. Under experimentally relevant
step responses, the hip configuration had a rise time of 3 ms, and the
ankle configuration had a rise time of 65 ms. These responses are
comparable to those of other devices in the community, where rise
times range from 14 to 32 ms for the hip (33-35) and 10 to 67 ms for
the ankle (36-38). When walking with their designated controllers,
both configurations were able to accurately track the prescribed
torques, with RMSEs of ~7%. These accuracies align with those in
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Fig. 5. Ankle exoskeleton assistance increased mobility while walking in a real-world setting (n = 1). (A) Par-
ticipant walking around the outdoor course while receiving ankle exoskeleton assistance. (B) Outline of the outdoor
course. (C) Experimental outcomes included course completion time, number of steps taken with the right leg, aver-
age stride length, and average walking speed with (blue triangles) and without (gray circles) ankle exoskeleton as-
sistance. The participant completed the loop in a shorter time by walking with a longer stride and faster walking

speed while receiving ankle assistance.

literature, which range from ~6 to 9% for both hip (27, 39) and ankle
devices (27, 30). Although the performance of these configurations
is comparable to that of others, it should be noted that differences in
testing procedures make device-to-device comparison a challenge.
Unlike the lower-extremity joints, we were unable to find any pow-
ered elbow devices to compare mechanical performance. Our hope
is that the promising results from this study will serve as a basis to
increase interest in this joint.

We evaluated the life span of each configuration when operating
on a 22.2-V, 1800-mAh LiPo battery. The hip, ankle, and hip-and-
ankle configurations were able to operate for 35, 25, and 15 min,
respectively, before reaching 50% of the voltage capacity of the bat-
tery (~900 mAh). Similarly, the elbow configuration used 21% of its
capacity after 30 min (122 cycles in the simulated workplace envi-
ronment) and is projected to be able to operate for ~72 min before
reaching the battery’s 50% threshold. Operational life spans of exo-
skeletons are rarely reported in literature, likely because life span is
dependent on the power source, hardware, control approach, and
task. Although there are numerous factors that could influence this
measure, we thought it important to characterize this aspect of per-
formance to better understand the limiting factors for this open-
source system when configured to our baseline recommendations.
The universal limiting factor for each configuration, under the
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recommended settings, was battery life.
The use of batteries with greater capacity
may increase the operational life span of
these devices but may come at the cost
of added weight. In addition to battery
voltage, we also examined motor tem-
peratures. With the current operating du-
rations, temperature was never a limiting
factor; however, this may not hold true
with larger-capacity batteries. Motor tem-
peratures for some joints/configurations
exceeded the American Society for Testing
and Materials’ temperature safety recom-
mendations (C 1055-99), which note that

1.75 5 s of contact with temperatures greater
o than 60°C can lead to epidermal injury. To
'w 1.65 reduce risk of injury, we have designed
*E heat shielding for each motor and trans-
- A mission configuration (fig. S9).
3 1.55 T We tested the capabilities of the device
2 +15% across multiple different hardware config-
0 1.45 | urations. When configured for open-loop,
2 direct-drive hip assistance, individuals
= 1.35 exhibited metabolic improvements when
g walking on a 7.5° incline. These reductions
in COT are consistent with prior work,
1.25] which suggests that benefits could range
0.00/‘/— from ~10 to 15% while receiving hip assis-

tance on an inclined surface (39, 40). Sim-
ilar metabolic benefits have been found
with hip assistance during level ground-
walking (28, 41-43), running (44), and
stair-climbing (45) activities. When walk-
ing indoors with ankle plantar flexion
assistance, we observed metabolic re-
sponses comparable to what others have
found across a variety of tasks and populations (28, 29, 46-48). Al-
though the metabolic benefits across these configurations are simi-
lar, the design and control approaches to achieve these benefits vary
widely, limiting our understanding of what contributes to these re-
sponses. Future work by the community needs to refine our knowledge
by isolating the design and control approaches that best improve
performance under these configurations. During simultaneous as-
sistance of the hips and ankles while users carried 22.2% of their
body weight in additional load, we observed 8 and 18% reductions
in the COT. Few have examined multijoint assistance because these
devices typically incur a large mass penalty because of the hardware
needed to achieve this type of assistance. Those who have investi-
gated multijoint devices have overcome this challenge by using teth-
ered systems that offload a substantial portion of the mass, at the
cost of being confined to the laboratory (27, 28), or by exploring
different hardware approaches, such as soft exoskeletons (49, 50)
and/or combined passive and active systems (51). Preliminary work
in the multijoint domain suggests that multijoint devices may be
able to far exceed the capabilities of single-joint devices, with some
finding that combined hip-knee-and-ankle assistance could reduce
auser’s COT by upward of 50% (28). The continued development of
efficient hardware and control approaches for multijoint devices is a
key future direction for the field.
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informed control parameters, Slade et al.
(12) found that users walked 9% faster
while reducing the energy used to travel
a given distance by 17% compared with
walking without the device in an outdoor
environment. Tagoe et al. (13) found that
ankle assistance led to metabolic improve-
ments when assisting those with cerebral
palsy on a mixed-terrain outdoor course.
In contrast, MacLean and Ferris (52), who
examined knee assistance during loaded
incline walking in the laboratory and in
mixed-terrain outdoor settings, only saw a
benefit of assistance indoors. It is evident
that outdoor environments present sub-
stantial challenges to evaluating the viabil-
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Fig. 6. EIbow assistance during weighted lifting resulted in decreased fatigue in users (n = 2). (A) Experimental
protocol. Two users lifted a 19.5-kg box in time with a metronome while EMG activity was recorded from the short
head of the biceps brachii of their dominant arm. (B) The number of repetitions increased by at least 100% for both

users when receiving elbow assistance (blue) compared with not wearing the device
peak bicep EMGs were detected with elbow joint assistance.

We had one user receive ankle assistance while on outdoor terrain
and found that they had improved mobility, walking faster (+15%) with
longer strides (+9%), compared with walking without the device. Most
research with exoskeletons is performed in laboratory settings because
it is easier to minimize confounding variables in these environments.
Although laboratory tests are valuable to understanding the potential of
exoskeletons, more work must be done when using these devices in
their intended settings. These include outdoor, clinical, and at-home
environments where challenges like mixed terrains and surfaces,
differences in gait mechanics, and variable walking speeds may damp-
en the utility of laboratory-based findings. For example, the user in
this study reported decreased stability and comfort with exoskele-
ton assistance because the application of power while walking on a dirt
pathway seemed to alter the traction between the user’s feet and the
ground. Although only the report of one individual’s experience, this
interaction would not have been detected in a laboratory environ-
ment, and thus a potential insight into how these devices interact with
their users would have been missed. Others have begun exploring the
potential for translating exoskeletons beyond the laboratory, reporting
mixed results. Using an ankle exoskeleton with human-in-the-loop
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compared with the laboratory. One reason
for this could be the field’s reliance on
metabolic measurements as a means for
verifying device utility. This measure-
ment is highly variable and thus necessi-
tates steady-state tasks to have a degree
of validity. Unfortunately, mixed-terrain,
real-world settings are often not conducive
to steady-state tasks and thus make user’s
energetics a poor measure in these do-
mains. Future work aimed at identifying
new ways to evaluate device efficacy is
paramount for the field to expand into the
real world.

Unlike lower-extremity devices that
have struggled to move beyond the labo-
ratory, upper extremity devices have had
more success given their task-oriented na-
ture (53, 54). In this study, we outlined an
elbow exoskeleton operating on this open-
source infrastructure. Using this config-
uration, we found that two users were able
to increase the number of weightlifting repetitions (4+100 and +267%)
while seeing corresponding reductions in biceps muscle activity (—35
and —57%). A full breakdown of this device, its control paradigm, and
its utility during realistic labor tasks can be found in (26). Previous
work exploring other upper extremity targets like the shoulder and
back has demonstrated benefits that could be applicable in ergonomic
settings (15, 18, 55, 56). The elbow joint has been targeted less often
(54), with only a handful of previous studies having explored unteth-
ered devices, with most being passive in nature (57). These previous
attempts at assisting this joint have lacked autonomous usability and
have generally only been tested during static tasks (33, 58-60). The
elbow configuration developed on this system is among the first to pro-
vide fully autonomous usage while also enabling dynamic work to
be performed. Few have explored the utility of combining upper and
lower extremity systems, despite their obvious ergonomic potential. Fu-
ture work exploring this domain and its uses for real-world applica-
tions may be the shortest route to integrating exoskeletons into our
everyday lives.

There are several promising future directions for OpenExo. First,
we will continue to update our documentation for the system as we
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No Exo
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(gray). (C) Similarly, decreases in
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develop new components and receive feedback from the commu-
nity. Second, the system is now limited by its battery life (a common
challenge with untethered systems), especially during high-torque
multijoint applications. We will continue to explore potential solu-
tions to increase operational duration. Third, we will continue to update
and optimize the companion Python application available to users to
help control the device. To date, it has several features, such as the abil-
ity to plot, record, and store data; update controllers and parameters in
real time; and provide biofeedback (61). Further expanding this appli-
cation to include state-of-the-art research capabilities, like deep learn-
ing (62) and human-in-the-loop approaches (48), is a high priority.
Last, the experimental validation of the configurations presented in this
paper was limited by the lack of more comprehensive analyses, such as
the biomechanical consequences of each configuration, and small sam-
ple sizes. Although more biomechanically in-depth analyses and larger
sample sizes would increase confidence in the findings, our primary
goal was to highlight the modularity of the system and provide exam-
ples of its possible benefits during typical research tasks. Nonetheless,
the experimental results of this paper should be interpreted with
caution because the metabolic focus and small sample sizes likely do
not capture the average person’s response to these devices. Given
these limitations, we would like to emphasize that the findings demon-
strated here are solely intended to show that benefits with device
usage may be possible and should not necessarily be expected in stud-
ies with larger sample sizes. Given the open-source nature of the device,
we believe that it represents a promising solution to rectify the small-
sample size nature of most exoskeleton studies. Specifically, this system
could enable increased collaboration and large multisite studies explor-
ing applications of exoskeletons, something that has previously evaded
the community.

In summary, we believe that OpenExo will facilitate future direc-
tions for the field. Several excellent reviews have summarized the
current state of research related to wearable robotics (6, 63, 64). This
includes work on tethered systems and their use as laboratory-based
test beds to explore control schemes (27, 28), the combination of
passive and active designs to enhance the ability and life span of
devices (36, 51, 65), and understanding how individuals acclimate
(66) and respond to devices (67). There has also been a large push by
the field to incorporate aspects of machine learning and artificial
intelligence to expand the capabilities of these devices (68). Critical
future developments include the continued expansion of exoskele-
ton usage beyond the laboratory, including hybrid devices designed
to assist or rehabilitate individuals with impairments or injuries in
clinical and at-home environments (69) and the development of
new methods to evaluate these devices, how they affect us, and how
they can best serve us in society. Our hope is that OpenExo will
present opportunities for those with valuable expertise outside the
domain of exoskeletons to lend their experiences to help advance
some of these research directions. For example, computer scientists
who may lack the technical expertise needed to design and con-
struct systems but who have expert knowledge in emerging domains
like artificial intelligence may be able to incorporate their knowl-
edge and make contributions to developing highly adaptable exo-
skeletons capable of usage in any setting. This could also include
experts in domains like materials science, renewable energy and
smart batteries, thermo-fluid systems, actuator development, fashion/
clothing design, and medicine. In addition, we hope that researchers
using this platform will share their own innovative designs, controllers,
and assessment approaches, given that advancing research necessitates
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a team effort. As we continue to develop and expand this system, we
will also continue to develop theopenexo.org to help serve as a cen-
tralized location for all to share their work. Last, we hope that this
system will serve as a valuable educational tool for anyone interested
in this field, because the continued inspiration and education of new
researchers is a key building block in the development of fully real-
ized devices that can change the lives of those in need.

MATERIALS AND METHODS

OpenExo consists of four subsystems: software, electronics, hard-
ware, and controls. Each of these will be detailed independently, but
for the sake of brevity, we will only highlight the open-source de-
signs in this section. Information on the software, electronics, and
controls, as well as the methodology for the benchtop and experi-
mental validation, can be found in the Supplementary Materials.

Exoskeleton design

Waist belt

The waist belt is the core connection between the user and the ro-
botic hardware. Thus, finding a comfortable belt that can accom-
modate multiple motors at a time (up to four) was a priority. We
settled on an adjustable hip belt used for outdoor recreational ac-
tivities (Osprey IsoForm 4), which has adequate padding for com-
fort. Four sizes (extra small, small, medium, and large) were used to
provide flexibility to conform to the wearer. Each belt was modified
by attaching a custom-designed 3D-printed assembly containing
the PCB and battery (fig. S5). A 22.2-V, 1800-mAh LiPo battery was
used throughout the study.

Hip device

We designed a bilateral, direct-drive untethered hip configuration
capable of providing flexion and extension assistance (fig. S3A). The
main design goals were to create a lightweight device that was sim-
ple to construct, could provide relevant magnitudes of assistance,
was low cost, and could adjust to a broad range of anatomical geom-
etries. To accomplish this, the waist belt assembly was modified to
allow for the placement of motors in line with the hip-joint center.
Our design consisted of three main components: the modified waist
belt, the belt-motor connection, and the motor-thigh assembly. The
waist belt was modified by adding mounting plates on each side of
the belt in line with the hips. A grid of M5 clearance holes was
drilled into the mounting plates to allow for flexibility in placement
of the belt-motor connection to account for anatomical variability
from person to person. The belt-motor connection consisted of an
aluminum abduction/adduction hinge capable of facilitating out-of-
plane motion during walking and carbon fiber brackets to interface
the motor with the hinge. We used AK60-6v1.1 motors (CubeMars;
Nanchang, Jiangxi, China), which were selected because of the rela-
tively lower torques required of hip assistance (compared with the
ankle joint) and their lower mass compared with more powerful al-
ternatives (AK80-9). These motors were connected to a carbon fiber
upright parallel to the user’s leg via a custom-designed interface
consisting of carbon fiber and 3D-printed onyx materials (carbon-
reinforced nylon; fig. S3A). This interface directly connects to the
carbon fiber upright, causing the upright to actuate with the motor.
Thigh cuffs were designed to slide onto the upright to help facilitate
torque transmission from the motor-upright configuration to the
user. These cuffs were designed to conform to the shape of an indi-
vidual’s leg, were outfitted with padding to provide comfort, and
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included an adjustable strap mechanism. Different sizes were de-
signed to allow easy swapping to match user size.

Interfacing with the hardware located at the hips and thighs are
bilateral heel and toe FSRs placed underneath the insoles of the
wearer’s shoes. These measure the relative force placed on each as-
pect of the foot and allow for control paradigms based on estimates
of heel and toe contact with the ground, such as gait-phase-based
control schemes. The total mass of this configuration is 2.9 kg.
Ankle device
The ankle-assembly end effector is nearly identical to our previous
design (29) and is further detailed in the Supplementary Methods.
Here, we highlight the open-source waist-mounted Bowden-cable
transmission system (fig. S4). The 3D-printed motor-belt interfaces
were designed to attach the motors to the waist belt (fig. S3B). All
motors were placed outside the electrical casing to facilitate rapid
swapping of device configurations. To further enhance modularity,
these interfaces were designed for multiple versions of the AK series
motors (AK80-9, AK60-6v1.1, and AK70-10). For the sake of brev-
ity and clarity, all references to the ankle device will be to its AK80-9
configuration. A custom-designed 26-mm sprocket was fastened
onto each motor to turn chains within a 3D-printed cartridge. Steel
cables interfaced with the chains via custom-designed aluminum
interfaces and were passed through Bowden sheaths to guide them
to the ankle end-effector assembly. At the bottom of the 3D-printed
cartridge, we designed a strain-relief system to minimize high strains
where the Bowden sheathes exit the cartridge. This system consisted
of a 3D-printed onyx casing that interfaced with 3D-printed ther-
moplastic polyurethane inserts that housed the Bowden sheaths.
Some activities require high torque demands that may place more
load on the steel cables than is recommended for the system; details
on larger-diameter cables for high-torque (>30 Nm) activities are
available in our hardware documentation.

The total mass of the ankle configuration, when sized to a 6-foot
(182.88-cm)-tall adult, is 3.9 kg. This likely represents the largest
weight for the system, given that the motors (and the associated car-
tridges), cable transmission system (length of steel cables and Bowden
tubes), and the custom-designed footplates and calf cuffs were all at
their largest.

Elbow device

To demonstrate the flexibility of the designed open-source frame-
work, we also developed a bilateral, sagittal plane, elbow exoskele-
ton (fig. S2D) (26). A full description of the hardware and controls
for this configuration is outlined in (26); here, we provide a general
overview. Briefly, using a similar Bowden-cable driven transmission as
the one used for our ankle exoskeleton device, motors (AK60-6v1.1s)
mounted at the waist actuated steel cables that rotated a pulley placed
in line with the elbow joint. This system interfaced with the user via
custom-designed carbon fiber uprights and 3D-printed forearm and
upper-arm cuffs as well as an upper-torso harness. The cufs, har-
ness, and waist belt were all adjustable to fit a variety of users. To
facilitate low-level control schemes, a torque transducer was placed
in line with the pulley and elbow to estimate sagittal plane elbow
moments. To facilitate high-level control, small FSRs were placed
on each hand at the proximal phalanges of the middle, ring, and
little fingers (wired in parallel to create a single FSR signal) and on
the palm at the base of the thumb. The device operated at zero
torque (only applying torque to offset the resistance of the cable-
driven system) when the FSR value was below a user-defined thresh-
old and provided flexion assistance when it exceeded this threshold.
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A low-level proportional-derivative controller was used to perform
closed-loop control to ensure the prescribed torques matched those
measured from the torque transducer.

Experimental validation

To demonstrate the versatility and utility of our open-source system,
we recruited healthy adults (n = 7; table S1) to complete activities
while the device operated in different configurations. Inclusion crite-
ria included age between 10 and 65 years, no lower-extremity ortho-
pedic surgery within the prior 6 months, and no other health condition
that would prevent safe completion of the protocol. Before enrollment,
all participants granted written informed consent of an Institutional
Review Board-approved protocol. In addition, all individuals depict-
ed in this work consented to having their pictures published.
Statistical analysis

Given the small sample sizes for each experimental configuration,
no statistical analyses were performed. All variables of interest were
compared between the shod and exoskeleton conditions by calculat-
ing percent change, defined as

Exo-Shod

h =
% Change Shod

# 100 (1)
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Figs.S1to S12

Table S1
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