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Abstract— Wearable ankle exoskeletons are a key testbed
for assistive control and human-robot interaction during lo-
comotion, but many systems remain difficult to build and
deploy due to fabrication and fitting overhead (e.g., computer
numerical control (CNC) machining or composite processes,
long lead times, and shoe-specific interfaces). We present Print-
Exo, an open-source, shoe-agnostic, fully 3D-printable ankle
exoskeleton platform designed to lower the barrier to early-
stage locomotion research and rapid prototyping. PrintExo can
be fabricated using consumer-grade fused deposition modeling
(FDM) 3D printing and standard off-the-shelf components,
and integrates a compact 3D-printed 1:4 planetary gearbox
for ankle assistance (total assembled mass: 1.33 kg per leg,
excluding the user’s shoe). A lace-anchored shoe interface trans-
mits torque through commercially available lace-up footwear
without permanent modification, enabling fast fitting across
participants. The device was evaluated in a feasibility pilot
treadmill study with five able-bodied participants walking at 1.0
m/s under three conditions: no-device, zero-torque, and pow-
ered assistance, and was reused sequentially across participants.
Across completed sessions, gross metabolic power was lower
under powered assistance than under zero-torque, and encoder-
derived kinematics captured device-side ankle motion during
torque application. Overall, PrintExo provides a practical, low-
overhead, open-source platform for accessible ankle-exoskeleton
prototyping and pilot locomotion experiments.

I. INTRODUCTION

Interest in wearable lower-limb exoskeletons is growing
for applications in gait assistance [1], [2], rehabilitation [3],
[4], and performance augmentation [5], [6]. These systems
typically provide assistive torque based on estimates of gait
phase and gait kinematics to improve locomotor performance
and reduce metabolic cost [7]. Among various joints, the an-
kle is a key joint of interest for research because it contributes
significantly to propulsion during the push-off phase of
walking [8]. Ankle-assistive devices are well-studied with re-
ported metabolic benefits, and their relatively simple degree
of freedom makes them an ideal testbed for evaluating new
control strategies or biomechanical responses [9]. However,
despite the scientific significance of ankle-assistive devices,
initiating research in this area still requires overcoming
substantial practical barriers before experimental studies can
even begin [10].

In practice, establishing a research infrastructure for ankle
exoskeletons involves significant interdisciplinary challenges,
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including actuation, wearable sensors, mechanical design,
and control strategy [11]. Unlike many non-wearable robotics
domains (e.g., robotic arms [12], [13], aerial robots [14], or
mobile robots [15]) where benchtop or low-fidelity proto-
types can serve as entry-level tools, wearable systems require
attachment to the human body and load-bearing integrity
from the outset [16], [17]. As a result, experimental ankle
exoskeleton hardware must withstand dynamic gait forces
and maintain consistent alignment with the biological joint
to be viable for locomotion experiments with human par-
ticipants [18], [19]. Furthermore, traditional manufacturing
methods such as computer numerical control (CNC) ma-
chining or carbon fiber molding require expensive infrastruc-
ture and involve long fabrication lead times [20]. Practical
challenges also arise during the setup and fitting process,
where repeated customization for different footwear and
user-specific body dimensions requires substantial time and
resources [21], [22]. While a notable open-source initiative
has begun to address these issues [10], a platform that is
easy to fabricate and fit while remaining reproducible is still
lacking.

To address these barriers, we present PrintExo, an open-
source, shoe-agnostic, 3D-printable ankle exoskeleton plat-
form that minimizes fabrication and fitting overhead for
early-stage locomotion research with human participants.
The system utilizes consumer-grade fused deposition mod-
eling (FDM) 3D printing and standard off-the-shelf compo-
nents to simplify the manufacturing process. The actuation
module integrates a 3D-printed 1:4 planetary gear stage,
enabling ankle-assistance experiments in a fully printable,
compact form factor. Furthermore, PrintExo incorporates a
lace-anchored shoe interface that attaches securely across a
wide range of lace-up footwear without permanent modifi-
cation. To demonstrate functional feasibility, we conducted
a pilot treadmill study with five participants to evaluate
structural durability, gross metabolic power, and encoder-
derived ankle kinematics.

PrintExo is released as an open-source platform, includ-
ing editable computer-aided design (CAD) files, print-ready
manufacturing assets, assembly manuals, and a complete bill
of materials, to support reproducibility and implementation
(https://printexo.github. io). Together, the open-
source release and pilot feasibility results support the use
of PrintExo as a practical testbed for early-stage ankle-
assistance research and educational settings.



II. RELATED WORK

Most lower-limb exoskeletons remain closed-source, lim-
iting replication and customization for research use. To
support reproducibility, several studies have released CAD
files and control software as supplementary materials [2],
[23]-[25]. However, these hardware designs often require
specialized fabrication that remains inaccessible for many
researchers. For instance, existing designs frequently require
high-strength carbon fiber components [2], [23], custom alu-
minum sheet-metal assemblies [24], or hybrid structures uti-
lizing both materials that require industrial waterjet-cutting
or CNC machining [25]. Even modular platforms such as
OpenExo, which aim to improve accessibility, can still re-
quire custom-ordered parts and professional machining [10].
This suggests that manufacturing accessibility remains an
open challenge in wearable robotics, motivating the need for
a more accessible platform that enables rapid, independent
replication without extensive manufacturing infrastructure.

Additive manufacturing offers a practical path to bypass
complex fabrication, providing high accessibility through
rapid prototyping. The efficacy of this approach has been
well-demonstrated in the upper-limb domain, including the
development of fully 3D-printed hand exoskeletons for re-
habilitation [26], [27], rapid prototyping toolkits for arm-
based exoskeletons [28], and functional passive upper-limb
exoskeletons [29]. Despite these advancements, the applica-
tion of 3D printing to lower-limb systems remains notably
underexplored within the open-source community. This re-
search gap originates from the intense mechanical demands
of human locomotion, where adult-sized devices must sustain
substantial loads and repetitive impacts that have traditionally
required high-strength materials like metal [30]. Conse-
quently, the challenge of balancing manufacturing simplicity
with the structural demands of locomotion remains a key
bottleneck, limiting the availability of reliable, accessible
3D-printed lower-limb platforms. Addressing this bottleneck
requires load-aware mechanical design and a clearly defined
operating scope, rather than attempting to match the dura-
bility of high-duty exoskeleton systems.

Beyond the challenges of structural fabrication, the in-
terface between the exoskeleton and the user’s footwear
presents another critical barrier to accessibility. To achieve
the mechanically stiff anchoring required for effective torque
transmission, many existing systems rely on attachment
methods that require permanent modifications to the shoe,
such as drilling through the outsole to secure carbon-fiber or
metal footplates [2], [31]. Alternatively, some designs utilize
internal interfaces that are positioned in direct contact with
the user’s foot inside the shoe [24], [32], [33]. However,
these approaches often necessitate custom-machined metal
components tailored to individual foot geometries, which
increases fabrication complexity and limits the range of
compatible footwear. PrintExo addresses this gap with a fully
3D-printable, lace-anchored shoe interface that enables shoe-
agnostic, stiff anchoring for torque transfer without drilling
the outsole or relying on personalized metal components.
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III. SYSTEM DESIGN
A. Design Objectives

The primary design objective of PrintExo is to lower
the practical barriers that frequently impede researchers
and educators from entering the field of ankle exoskeleton
research. To meet this objective, the design follows three core
principles: (i) all custom structural components must be man-
ufacturable using consumer-grade desktop FDM 3D printers,
(i1) all non-printed components must be standard off-the-
shelf parts that are easily available, and (iii) the device
must interface with commercially available footwear without
permanent modification. Beyond these constraints, the design
balances mechanical rigidity for effective torque transmission
with a compact form factor suitable for experimental use.
Furthermore, the system architecture is organized into clearly
separated subsystems to facilitate rapid prototyping and the
iteration of various assistance strategies. An overview of the
hardware and major subsystems is shown in Fig. 1.

Calf Compression
Sleeve

Actuation
Module

Shoe
Interface

Shoe

Fig. 1. Overview of the PrintExo hardware. (a) Fully assembled device.
(b) Fasteners and bearings. (c) 3D-printed components and actuator. (d) Calf
compression sleeve. (e) Example lace-up shoe. (f) Auxiliary lace.

B. Actuation and Structural Design

For the actuation module, a CubeMars AK60-6 V1.1
KV140 actuator (CubeMars, China) was selected for its
commercial availability, lightweight profile (368 g), and
built-in motor driver. The built-in driver simplifies the con-
trol architecture by streamlining communication and power
management, making the system more accessible to re-
searchers who may lack specialized electronics expertise.
While this motor provides a peak torque of 9 N-m, prior
ankle-exoskeleton studies have implemented peak assistive
torques typically in the range of 10-30 N-m [34]-[36].
To meet this requirement, we designed an integrated 1:4
planetary gear stage with bearings integrated at each planet
gear to minimize frictional losses and improve mechanical
efficiency (Fig. 2). The motor, 3D-printed planetary stage,
and protective casing form a compact actuation unit for
efficient torque transmission.

The shank structure extends vertically from the actuation
module and is positioned on the lateral side of the user’s
shank. Assistive torque is applied in the sagittal plane (plan-
tarflexion/dorsiflexion), while a passive hinge accommodates



frontal-plane inversion and eversion. This additional degree
of freedom improves alignment with the user’s natural gait
kinematics and mitigates off-axis loads that could otherwise
lead to mechanical damage. For secure attachment without
custom-molded orthotics, the shank is secured using an off-
the-shelf calf compression sleeve, providing a long contact
length that resists rotation and slippage while distributing
pressure evenly using readily available components.

Planet Gears Ring Gear (Fixed)
(N, = 20) (N, = 60)

Sun Gear
(N, =20)

Toutput

Carrier Plantarflexion

Planet Gears

Actuator Sun Gear

Fig. 2. 3D-printed planetary gearbox. (A) Components of the planetary
gearbox used in PrintExo, consisting of the sun gear (Ns = 20), four
planet gears (N, = 20), and a fixed ring gear (/N = 60). The carrier is
rigidly coupled to the shoe interface and serves as the torque output stage.
(B) Schematic illustration of power transmission, where actuator drives the
sun gear, transmitting torque through the planet gears to the carrier and
producing an assistive plantarflexion torque about the anatomical ankle joint.

C. Shoe Interface Design

The lace-anchored shoe interface enables robust me-
chanical anchoring without permanent modification to the
footwear. The interface includes a rigid dorsal component
contoured to the midfoot, which extends diagonally toward
the lateral side to connect with the planetary gear output
of the actuation module. During fitting, the interface is
positioned beneath the shoe laces and secured by routing
the laces through integrated guides on the dorsal component,
allowing it to be clamped between the tongue and the
tensioned laces. To further resist rotation and slippage during
dynamic movement, auxiliary laces are routed through guide
holes in the plantar section of the interface and tightened
across the sole of the shoe.

The interface provides a stiff load path for torque transfer
during walking. During plantarflexion assistance, the dor-
sal structure bears against the shoe over the midfoot to
transmit torque with minimal slip, while during swing and
dorsiflexion, lace tension keeps the interface seated as the
exoskeleton returns toward neutral without restricting natural
ankle range of motion. To support diverse users and footwear,
we release open-source files in multiple predefined size
variants matched to standard shoe sizes, enabling rapid fitting
across a wide range of commercial lace-up shoes without
permanent modification.
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IV. FABRICATION & IMPLEMENTATION

PrintExo uses polylactic acid (PLA) filament for its custom
components because of its high availability and ease of
printing, which aligns with our objective of minimizing entry
barriers. Previous studies have demonstrated the feasibility
of PLA-based additive manufacturing in related load-bearing
applications, including a 3D-printed prosthetic foot satisfying
ISO 10328 static-strength requirements and a PLA+-based
humanoid lower-body platform evaluated through structural
analysis [37], [38]. Although PLA was used in this study to
demonstrate viability with standard materials, the PrintExo
design is also compatible with alternative filaments such as
PETG or carbon-fiber-reinforced filaments.

All parts were printed on a Bambu Lab X1C (Bambu
Lab, China) using a 0.4 mm nozzle, 0.20 mm layer height,
and 70% gyroid infill pattern. To account for the anisotropic
strength of layer-by-layer fabrication, key load-bearing com-
ponents were oriented to avoid inter-layer shear as the dom-
inant failure mode. To support reproducibility and broader
use, all source files, including editable CAD (.f3d), neutral
CAD (.step, .stp), mesh (.stl, .obj), and print-ready (.gcode)
files, are publicly available through an open-access reposi-
tory.

To improve parts availability and mechanical reliability,
PrintExo uses standardized, off-the-shelf hardware for all
load-bearing interfaces. Assembly requires only basic post-
processing and simple tapping/drilling of pre-modeled holes,
with fasteners standardized to M3 bolts and a single roller
bearing size used throughout. The device can be assembled
using common hand tools (optionally a power drill), and an
open-source manual is provided with guidance for minor file
edits to match locally available parts. The total assembled
mass is 1.33 kg per leg, excluding the user’s shoe. A
complete bill of materials with sourcing links is provided
in the open-source repository.

V. FEASIBILITY PILOT STUDY
A. Methods

A feasibility pilot study was conducted with five able-
bodied participants to evaluate the durability and feasibility
of PrintExo. All participants provided informed consent,
and the protocol was approved by the Korea University
Institutional Review Board (KUIRB-2025-0516-01). Prior
exoskeleton experience ranged from minimal to moderate.

Experiments were conducted on a treadmill at 1.0 m/s
under three conditions in a fixed order: no-device (personal
shoes only), zero-torque (PrintExo worn; motor enabled with
7 = 0), and powered-assistance (PrintExo worn with stride-
by-stride active assistance) (Fig. 3). Each condition was 8
minutes with rest between conditions; in one participant, the
powered-assistance trial was extended to 16 minutes to eval-
uate continuous-use feasibility. Outcome metrics were com-
puted from a five-minute analysis window after metabolic
measures stabilized.

During powered assistance, ankle torque was applied as
a function of gait phase using a parameterized profile with



a fixed peak magnitude of 15 N-m and fixed rise/fall time
of 20%/10% of the gait cycle [7]. The peak timing was
initialized per participant to a preferred timing selected at
the beginning of the session and then held fixed during the
powered trial. Gait phase was estimated in real time using
the angular velocity measured by an inertial measurement
unit (IMU) mounted on the dorsum of the shoe, enabling
stride-synchronized application of the torque profile [39].

Gross metabolic power during walking was measured
in all conditions using a wearable breath-analysis system
(Neumafit PACER; Neumafit, South Korea). Lower-limb
kinematics were recorded via optical motion capture (Vicon;
Oxford Metrics, UK) during the no-device condition to
compute biological ankle joint angles using the Plug-in Gait
Lower Body model (Vicon Nexus). In the exoskeleton condi-
tions (zero-torque and powered-assistance), the device ankle
angle was obtained from the motor encoder. During powered
assistance, motor-board temperature was additionally logged
to assess thermal behavior during continuous operation.

The primary outcomes were durability and operational
feasibility, assessed by trial completion without failure and
stable interfaces enabling sequential reuse across partici-
pants. Secondary outcomes included gross metabolic power
(W/kg), cycle-averaged angle behavior (biological angles
from motion capture in the no-device condition and encoder-
derived angles in exoskeleton conditions), and motor-board
temperature during powered operation. Given the pilot nature
of the study, results are reported descriptively to character-
ize feasibility and observed trends rather than to support
population-level statistical claims.

A.
Power/CAN
Cable
Calf
Shank Compression
Structure Sleeve
Actuation
Module Foot-mounted
IMU
Shoe
Interface
Fig. 3.  Experimental setup and device integration. (A) PrintExo

worn on the right leg, highlighting major structural components, interfaces,
onboard sensing, and tethered cables for power and communication. (B)
Treadmill walking under the no-device condition during optical motion
capture (reflective markers attached). (C) Treadmill walking with PrintExo
under zero-torque and powered-assistance conditions.

B. Results

PrintExo completed the full protocol without mechanical
failure in four of five participants. Across these successful
sessions, the device could be worn, operated, and reused
sequentially between participants without requiring structural
rework, supporting short-term operational feasibility of the
3D-printed hardware and interfaces under repeated treadmill
use.
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In one participant, the printed hinge fractured during
powered assistance. After replacement, the repeated trial
proceeded without hinge failure but was terminated due to
substantial shank-interface twisting and slippage. An out-
toed gait pattern was observed in this participant, which may
have increased off-axis loading and contributed to the hinge
and interface issues.

Across the four participants who completed all conditions
successfully, gross metabolic power was consistently lowest
in the no-device condition and increased when wearing the
device. Under powered assistance, measured gross metabolic
power was 4.24 + 0.75 W/kg (mean + standard deviation),
compared with 4.41 £ 0.80 W/kg under zero-torque, cor-
responding to an observed mean reduction of 0.17 W/kg
(~3.8%). Individual participant values across conditions are
provided in Fig. 4.
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Fig. 4. Participant-wise metabolic power across walking conditions.

Mass-normalized metabolic power (W/kg) is shown for the four participants
who completed treadmill walking at 1.0 m/s under three conditions: no-
device (personal shoes), zero-torque (PrintExo worn with motor enabled
and 7 = 0), and powered-assistance (PrintExo with stride-synchronized
plantarflexion assistance). Bars indicate each participant’s mean metabolic
power computed over the steady-state 5 min of each trial. Percentage
annotations show the change in powered-assistance relative to zero-torque
for each participant.

In the zero-torque condition, the exoskeleton encoder an-
gle showed a gait-cycle progression similar to the no-device
angle trajectory, suggesting that the exoskeleton hardware did
not appear to restrict ankle motion. In contrast, during pow-
ered assistance, the encoder-derived device angle deviated
earlier around the onset of the assistive torque profile and
reached nearly 60° of plantarflexion. This reflects device-
side motion rather than biological ankle joint motion (Fig.
5(B)). The torque command and the resulting cycle-averaged
angle trajectory for a representative participant are shown in
Fig. 5.

During powered operation, motor-board temperature in-
creased over the 8-minute trials and reached a mean peak of
43.3 + 2.5°C across participants who completed the standard
protocol (n = 3; range: 39 - 46°C). In the extended 16-minute
powered-assistance trial conducted in one participant, motor-
board temperature continued to rise and reached 50°C by the
end of the trial, indicating ongoing heat accumulation during
prolonged continuous operation. No visible thermal deforma-
tion or material degradation of the 3D-printed components
was observed in either the standard or extended trials.
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Fig. 5. Assistive torque command and cycle-averaged angle trajectories
over the gait cycle for a representative participant (participant 1).
(A) Stride-synchronized plantarflexion torque command parameterized by
peak magnitude, peak timing, and rise/fall time. (B) Cycle-averaged angle
trajectories for no-device (biological angle from motion capture), zero-
torque (encoder), and powered-assistance (encoder); shaded regions indicate
+1 SD across strides. The large plantarflexion excursion under powered
assistance represents device-side encoder motion rather than biological ankle
joint motion. Dorsiflexion is positive.

VI. DISCUSSION

The feasibility pilot study results suggest that a fully 3D-
printable, open-source ankle exoskeleton can serve as a vi-
able experimental platform for short-duration human walking
studies. Across the completed sessions, PrintExo supported
repeated treadmill use and sequential reuse without requiring
structural rework. Together, these observations support the
validity of the design goals: enabling rapid, independent
replication and iteration of wearable-robotics protocols with
human participants while keeping fabrication and setup over-
head low. Accordingly, PrintExo is best positioned as a
practical testbed for early-stage locomotion studies, where
protocol flexibility and accessibility are intentionally prior-
itized over maximizing energetic benefit or torque-delivery
efficiency.

PrintExo uses a lace-anchored, shoe-agnostic interface that
attaches to commercially available lace-up shoes without
permanent modification, enabling rapid fitting and sequential
reuse across participants. This differs from many existing
ankle exoskeletons, which rely on shoe-specific interfaces
requiring permanent footwear modification or in-shoe contact
components to achieve rigid torque transmission [2], [24],
[32], [33]. While mechanically effective, such approaches
increase setup overhead and typically constrain scalability
to larger and more diverse participant cohorts, as compatible
footwear and individualized fitting must be ensured. Our pilot
results suggest that the lace-anchored interface provides suffi-
ciently stable anchoring for short-duration treadmill walking,
supporting early-stage studies where accessibility and ease of
fitting and reuse are prioritized. However, gross metabolic
power remained higher than in the no-device condition,
suggesting that powered assistance did not fully offset the
cost of wearing the 1.33 kg device. In addition, compliance
at the shoe and calf-sleeve interfaces may produce relative
motion between the device and biological ankle, reducing
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effective torque transmission during powered assistance. This
trade-off reflects an intentional prioritization of accessibility
over maximal mechanical efficiency and motivates future
work to quantify delivered ankle torque and interface-level
relative motion.

Under powered assistance, the observed actuator lead in
encoder-derived ankle angles suggests that torque transmis-
sion is mediated by compliance at the human-robot interface
rather than rigid joint coupling. Similar torque-driven behav-
ior, in which motor actuation precedes biological joint mo-
tion, has been reported in prior ankle exoskeleton studies and
attributed to interface compliance and relative motion [40].
Related experimental analyses further show that interface
geometry and fixation strongly influence joint misalignment
and interaction forces, indicating that soft tissue deformation,
shoe compliance, and attachment configuration mediate this
transient mismatch [41]. In the present system, the brief
actuator lead implied by the encoder trends is likely absorbed
by compliant elements such as soft tissue, the calf sleeve,
and the shoe, consistent with the intentionally non-rigid
anchoring strategy. This interpretation highlights a trade-off
between accessibility and torque transmission fidelity and
motivates future work to quantify delivered ankle torque,
interface-level relative motion, and their implications for user
comfort and safety.

Several limitations of this pilot study should be acknowl-
edged. First, the validation involved a small number of
able-bodied participants and used a fixed condition order to
prioritize safe familiarization, which limits generalizability
and may introduce adaptation or fatigue effects. Second,
methodological constraints limited biomechanical interpre-
tation. Gross metabolic power was measured using a wear-
able system rather than a laboratory cart, and the observed
difference should be further validated against measurement
variability before being interpreted as an energetic benefit.
Biological ankle kinematics were available only in the no-
device condition because the required motion-capture marker
locations overlapped with the exoskeleton hardware. The
protocol also used a single fixed speed and did not measure
propulsion-related outcomes (e.g., ground reaction forces),
limiting inference beyond metabolic trends. Future stud-
ies should use an exoskeleton-compatible marker set with
model-based kinematic analysis to quantify biological ankle
motion during powered assistance. Third, the assistance pro-
file was not systematically optimized for individual partici-
pants and may therefore have been insufficient to offset the
added device mass and interface-related transmission losses.
Fourth, one participant experienced hinge fracture and subse-
quent shank-interface instability, suggesting sensitivity to off-
axis loading and non-neutral gait patterns such as out-toeing.
Finally, longer-duration operation was not systematically
evaluated, and the fatigue life and thermal margins of the
3D-printed components remain incompletely characterized.
The observed hinge fracture suggests that localized stress
concentration and off-axis loading may represent critical
failure modes under repeated high-torque operation.

Building on the pilot findings, future work will strengthen



PrintExo as a robust, extensible experimental platform by
reinforcing high-stress components such as the hinge, im-
proving off-axis tolerance, and quantifying fatigue life and
thermal durability through endurance testing and simulation.
Expanded validation with larger cohorts and exoskeleton-
compatible measurements will better characterize biome-
chanical and energetic outcomes [3]. We will also evaluate
wearable IMU-based kinematic estimation [42], [43] and
integrate additional sensing (e.g., pressure insoles and other
wearable/vision modalities) to estimate propulsion, ground
reaction forces, and environmental context for more adaptive
control [44]-[46]. In parallel, we will maintain a versioned
open-source release with iterative updates to hardware vari-
ants, documentation, and educational examples to support
reproducible use across labs and classrooms.

VII. CONCLUSIONS

This work presented PrintExo, an open-source, shoe-
agnostic, and 3D-printable ankle exoskeleton platform for
accessible locomotion research and rapid prototyping. By
combining consumer-grade FDM manufacturing with a lace-
anchored shoe interface, the system enables fabrication and
fitting without permanent footwear modification or special-
ized infrastructure. Pilot treadmill validation demonstrated
short-duration operational feasibility and revealed device-
side kinematic characteristics relevant to torque transmission.
While further work is needed to improve durability, quantify
delivered ankle torque, and expand experimental rigor, Print-
Exo provides a practical baseline that can evolve through
open, community-driven development.

APPENDIX

All CAD files, BOM, and assembly documentation are
available at https://printexo.github.io.
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