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Abstract

This study presents the design exploration and kinematic validation of a transtibial prosthesis based on a 2SPU-RU parallel
mechanism. The prototype is currently at Technology Readiness Level 3 (TRL 3), indicating an early-stage concept that
has been evaluated under controlled conditions. The mechanism replicates dorsiflexion—plantarflexion, inversion—eversion,
and abduction—adduction, corresponding to ankle motion in the sagittal, frontal, and transverse anatomic planes. The system
integrates electric actuators and an ESP32 DevKit V1 microcontroller to control joint movements. Functional tests were
conducted to assess kinematic performance using inertial sensors and video tracking. Additional evaluations included force
distribution analysis using pressure insoles during dorsiflexion and plantarflexion, as well as energy consumption measure-
ments across gait cycles. While the prototype demonstrates the ability to reproduce fundamental gait patterns in a suspended
setup, limitations in torque, speed, and control precision restrict its current applicability. These findings provide a foundation
for further development. Future work will focus on improving actuator performance, refining control strategies, and extending

validation to real-world scenarios and amputee trials.
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1 Introduction

The ankle is a complex and crucial human joint, essential
during walking, as it possesses the strength to support body
weight and the flexibility to navigate uneven terrains [5].
Therefore, individuals with below-knee amputations who
face limitations in their ability to walk may experience sig-
nificant difficulties in performing daily activities, impacting
them physically, psychologically, and personally, as well
as affecting their family dynamics [7]. Despite prosthetic
technology that has aided these individuals in regaining
functional walking capabilities, most commercially avail-
able prostheses are passive and do not adequately replicate
the physiological function of the ankle [11, 18]. This can
lead to asymmetric gait and an increased metabolic cost of
walking, which may result in long-term medical complica-
tions [18, 20]. Furthermore, inadequate dorsiflexion of the
ankle increases the risk of falls on level ground and when
walking on ramps [24]. Therefore, to ensure the safety and
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well-being of individuals with lower limb amputations, ana-
lyzing and accurately replicating ankle movements during
gait in transtibial prostheses are essential.

Due to the limitations of passive prostheses, active pros-
theses, also known as prostheses with integrated actuators,
have become a popular research topic in rehabilitation [8].
Most of these prostheses use serial mechanisms in their
mechanical designs. Wang et al. [32] developed the PKU-
RoboTPro, a lightweight transtibial prosthesis designed to
adapt to different terrains, powered by a low-power motor to
generate energy during the stance phase. The ankle model
was simplified into a three-bar mechanism, representing the
foot, shank, and ankle joint, along with hinges that simu-
late the movement of these joints. The PKU-RoboTPro can
adjust the ankle impedance during stance and adapt it to
different walking speeds. However, due to the lack of par-
allel springs or a high-power motor, it cannot provide a high
assistive torque. Pand et al. [22] developed an intelligent pros-
thesis using magnetorheological fluids to simulate human
ankle activities such as walking or running. The mechanical
structure utilizes standard elements of a serial mechanism,
incorporating a spherical joint based on intelligent fluids that
enable up-down and lateral rotations.
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However, a novel technology with the potential to further
develop transtibial prostheses is the introduction of parallel
mechanisms. Robotic assistive devices with parallel mech-
anisms offer superior adaptability, accuracy, high stiffness,
and low inertia [36]. These mechanisms have been widely
explored in various medical applications, including robotic
rehabilitation devices and surgical assistance systems, due
to their ability to provide precise motion control and multi-
degree-of-freedom manipulation [21]. Moreover, they assist
individuals with difficulties performing daily activities, giv-
ing them greater autonomy and independence [1]. In recent
years, robotic exoskeletons and rehabilitation devices have
seen significant advancements. For example, systems like
those used for the rehabilitation of children with cerebral
palsy demonstrate how parallel mechanisms can improve
both biomechanical fidelity and user adaptability. These
systems offer valuable insights that inform the design of
prosthetic devices, particularly in enhancing mobility and
improving gait dynamics during rehabilitation [26-28].

The literature shows that most research on devices using
parallel mechanisms focuses on ankle rehabilitation rather
than prostheses, with “U,” “P;” “S,” “R,” and “Rc” being
conventional designations for the universal, prismatic, spher-
ical, revolute, and coaxial revolute joints of the mechanisms,
respectively. Zhang et al. [35] proposed the design of an ankle
rehabilitation device based on the equivalent UR model.
Since the actuators do not fit into narrow spaces, they uti-
lized the 2-UPU/PRPS/[RcR][RRcR] parallel mechanism to
accommodate the model. The system primarily consists of a
fixed base, a moving platform, and four limbs. Li, Fan, Dong,
and Rong [16] developed an ankle rehabilitation robot with a
2-UPS/RRR parallel mechanism. This mechanism comprises
a fixed base, a moving platform, two UPS branched chains,
and a series RRR-constrained branch. It has 3-DOF, with its
three rotational axes orthogonal at a single point.

As for research on developing lower limb prostheses using
parallel mechanisms, [31] developed a parallel mechanism
named 2-UPR/URR with two purely rotational degrees of
freedom (DOF), based on an analysis of human hip move-
ment characteristics to assist individuals with amputations
in their daily activities. The URR configuration was des-
ignated for the passive limb, while the UPR configuration
was assigned as the actuating limb. Each limb of the parallel
mechanism was arranged with three joints. The prosthesis
demonstrated sufficient stiffness to support the human torso.
Hsieh et al. [10] developed a powered ankle prosthesis with
two DOF to allow movements in the sagittal and frontal
planes. The mechanical design consists of two brushless elec-
tric motors, each linked to a two-stage belt drive connected to
a four-bar parallel mechanism that drives the foot. Although
the prosthesis has a more limited range of motion than a bio-
logical ankle due to size constraints, it provides adequate
support for walking on level ground and climbing stairs.
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Despite these advancements, parallel mechanisms in lower
limb prostheses remain relatively uncommon, highlighting a
promising area for future research and development in pros-
thetic technology.

The electrical hardware architecture of active transtibial
prostheses has evolved to meet the demands of mobility and
precision. Klein and Voglewede [13] employed the Arduino
Mega 2560 as the central microcontroller, selected for its
compatibility and adaptability in moving prosthetic applica-
tions. For motor control, they integrated an H-Bridge motor
driver, using an EMG signal as the input to the control system.
The power system comprised two distinct supplies: a 9-V bat-
tery for the microcontroller and a 14.8-V, 2A battery for the
motor driver. Similarly, the Ruggedized Odyssey Ankle uti-
lizes a customized 200-W brushless DC motor, paired with a
PC-104 control system and a 4400-mAbh battery, to achieve
a maximum ankle torque of 190 Nm [12]. Furthermore, the
Proprio Foot by Ossur incorporates accelerometers and angle
sensors as inputs, which are processed by a microcontroller,
and features a linear actuator that enables dorsiflexion [15].

Regarding system control in transtibial prostheses, the
most commonly used signals are predefined movements at
51.43%, electromyography (EMG) at 28.57%, and motion
capture systems at 17.14% [32]. Klein and Voglewede [13]
evaluated the implementation of a signal produced by an arti-
ficial neural network (ANN) in a stiffness controller. The
ANN determines the desired ankle position and torque by
receiving EMG signals and input from an encoder located
at the ankle. Greene et al. [8] developed a non-backdrivable
wedge cam mechanism for application in a semi-active ankle
module. To control its motors, they used bang—bang con-
trol. This type of control consists of the motor receiving the
maximum voltage (maximum allowed pulse width modula-
tion (PWM) signal) when the position is outside a deadband
around the desired position or receiving no voltage if it is
within the desired range [10] used a proportional—derivative
(PD) controller with feedforward for motor control. Full-
bridge strain gauges were installed on the connectors of the
four-bar parallel mechanism to measure force and provide
feedback for the control system.

This study presents a transtibial prosthesis prototype that
incorporates a 2SPU-RU parallel mechanism, designed to
replicate ankle motion across all three anatomical planes:
dorsiflexion—plantarflexion, inversion—eversion, and abduc
tion—adduction using three actively powered degrees of free-
dom. Unlike previous uses of the parallel configuration in
rehabilitation devices, its application in prosthetics addresses
key limitations in ankle prosthesis design, such as restricted
mobility, poor adaptability to uneven terrain, and limited
control flexibility. This level of mobility is uncommon in
current prosthetic systems, which typically offer one or two
active axes. Despite its multi-axis capability, the prototype
maintains a lightweight structure of just 0.5 kg (excluding
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electronics), making it one of the lightest designs reported
to date. The actuation system comprises two linear actuators
operating under closed-loop control and a stepper motor in
open-loop mode, all of which are governed by an ESP32
DevKit V1 microcontroller. As the design is currently at
Technology Readiness Level 3, this study focuses on the
independent kinematic evaluation of each movement in a
suspended, controlled setting. Results show that the mech-
anism can effectively replicate fundamental gait patterns in
each plane of motion. These findings establish a baseline for
future development, which will aim to integrate coordinated
multi-axis movement, improve actuation torque and control
fidelity, and validate performance under real-world and load-
bearing conditions, including trials with amputee users.

2 Methodology
2.1 Mechanical design of parallel mechanism

The robotic ankle prototype, designed as a parallel mecha-
nism with three kinematic chains, a moving platform, a fixed
base, and three actuators, was modeled in 3D and manu-
factured to replicate a right foot, as shown in Fig. 1. This
prototype serves as a design exploration for kinematic valida-
tion, with further development planned in subsequent phases.

The parallel mechanism of the robotic ankle prototype
measures 92 mm in width, 110 mm in depth, and 190 mm in
height. Its design is tailored to the anthropometric measure-
ments of a 34-year-old female user who weighs 50kg and is
1.51 m tall.

The 2SPU-RU parallel mechanism comprises one RU
kinematic chain and two SPU chains. The RU chain includes
a 28BYJ-48 stepper motor (rotational joint, R), a rigid link,
and a universal joint (U) connected via couplings, as depicted
in Fig. 1a. Each SPU chain consists of a spherical joint (S),
a prismatic joint (P) formed by an Actuonix P16-50-64-12-
P linear actuator, and a universal joint (U), as illustrated in
Fig. 1b.

The fixed base, a stationary component, supports two
spherical joints and the 28BYJ-48 stepper motor, with con-
tact switches on either side to limit movement, as shown
in Fig. 1b. The moving platform, essential for transmitting
ankle movements, integrates universal joints as part of the
prosthetic mechanism, as demonstrated in Fig. 1b.

Actuation is achieved through two Actuonix P16-50-64-
12-P linear actuators positioned within the SPU chains.
These actuators replicate dorsiflexion—plantarflexion and
inversion—eversion movements and operate using BTS7960
H-bridge drivers, as highlighted in Fig. 1b. Furthermore,
the 28BYJ-48 stepper motor in the RU chain, located pos-
teriorly, replicates abduction—adduction movements using a
ULN2003 driver, as illustrated in Fig. 1a.

2.2 System architecture

Figure 2 comprehensively depicts the system architecture
implemented in the 2SPU-RU parallel mechanism prototype.
This diagram illustrates the interaction of matter, energy, and
information within the system, highlighting their flow paths
and functional roles in the system’s operation.

Figure 3 illustrates the electrical and electronic archi-
tecture, detailing the power distribution and control signals
assigned to each component. This includes the specification
of voltage levels supplied to the elements and the communi-
cation through digital and analog signals.

The system is primarily powered by a 3-cell Li-Po battery,
providing a nominal voltage of 11.1V with a capacity of 2700
mAbh. This energy source powers critical components, such
as the linear actuators and the stepper motor, through their
corresponding drivers. Precisely, the BTS7960 drivers con-
trol the linear actuators, while the ULN2003 driver manages
the operation of the stepper motor. Depending on the task
requirements, these actuators generate precise movements
transmitted to the moving platform, ultimately visualized as
the platform’s motion, which simulates foot movement.

Centralized control of the system is managed by the ESP32
DevKit vl microcontroller, a versatile unit capable of han-
dling multiple input and output signals. This microcontroller
receives its power supply (5V) from an L7805 voltage reg-
ulator, which steps down the battery’s 11.1V. The ESP32
generates PWM signals to regulate the BTS7960 drivers
for the linear actuators and digital signals for the ULN2003
driver, which controls the stepper motor.

Integrating potentiometers within the linear actuators
enhances the system’s feedback loop. These potentiometers
continuously measure the actuators’ extension and transmit
this position data as voltage signals to the ESP32 micro-
controller. This information enables precise monitoring and
real-time adjustments to ensure accurate and efficient move-
ments.

Contact switches, which serve as mechanical sensors,
manage input commands. These switches detect signals from
the stepper motor, indicating specific conditions, such as the
need to return the system to its initial position. The infor-
mation the contact switches provide is sent to the ESP32
microcontroller, ensuring responsive and adaptive control of
the mechanism.

2.3 Inverse kinematics model development

The inverse kinematics model is derived using a geometric
method. This enables the calculation of actuator positions
based on the moving platform’s orientation, parameters, and
kinematic chain analysis.

@ Springer
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Fig.1 2SPU-RU parallel
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chain, b SPU kinematic chains
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2.3.1 Parameters

Key components for the kinematic analysis include the global
reference frame and relevant geometric and angular param-
eters, as shown in Fig. 4.

The global reference frame O (Xo, Yo, Zo), as shown in
Fig. 4a, is a fixed three-dimensional coordinate system that is
essential for defining the mechanism’s spatial orientation. Its
origin is located at the geometric center of the fixed base, with
the X axis aligned anteroposteriorly to represent the primary
motion during walking, the Y axis positioned mediolaterally,
perpendicular to the sagittal plane and parallel to the ground,
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and the Z axis oriented vertically upward, corresponding to
the body’s weight vector.

The geometric parameters define the structure and kine-
matics of the 2SPU-RU mechanism. As shown in Fig. 4a,
the linear distances between joints dictate the mechanism’s
configuration. The rigid triangular platforms AAjA>A3 and
A B By B3 are isosceles and identical, with equal side lengths
A1 Ay, A1 A3z, and B B>, B B3. The coordinates of the joints,
defined in O (Xy, Yo, Zo), determine the spatial positions and
orientations of the fixed and moving components.

The angular parameters of the moving platform orienta-
tion are defined using the Bryant—Cardan Z,X,Y, angle
sequence, as illustrated in Fig. 4b. This sequence consists
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of a rotation v about the Z,-axis, followed by a rotation ¢ The angular velocity @, of the moving platform is derived
about the X ,-axis, and finally a rotation 6 about the Y),-axis. from the time variation of the rotation matrix R Z,X,Y,
These rotations are mathematically described as Eq. (1) (Eq. (2)), obtained Eq. (3).

and Eq. (2): )
@pyx 0 cosyr —sinyrcos6 | | ¢
Rz,x,v, = Rlzp, WIR[xp, pIR[y). 0] (1) @ =|@py|=|0siny cosycost |0 G)
Wp; 1 0 sin 6 ¢
— sin O sin ¥ sin ¢ + cos 6 cos Y — sin Y cos ¢ sin & cos ¥ + sin Y sin ¢ cos 6
Rz,x,v, = | sin@singcosy +sinycosd cosycosp sinfsiny — sing coso cosyr 2

—sin @ cos ¢ sin ¢ cos 0 cos ¢
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2.3.2 Kinematic analysis

The kinematic analysis of the three chains in the parallel
mechanism focuses on their position and velocity vectors, as
shown in Fig. 5.

The RU kinematic chain is defined relative to the fixed
coordinate system O (Xo, Yo, Zo). As shown in Fig. 5a, the
position vector equation for this chain is expressed as Eq. (4).

aj+/is;=p 4
where a; locates joint Ay, [1s] represents the rotary actu-

ator, and p indicates point P. Since the vector magnitude
is constant, the derivative I; = 0. The actuator rotation wq

@ Springer

corresponds to 1&, which is the first intrinsic rotation in the
rotation matrix Ry D XpYpe

The SPU kinematic chains are analyzed using the position
vector equation shown in Fig. 5b, ¢ and Eq. (5).

a+Dhs)=p+by, az+Ii3s3=p+Db;3 (5)

where a, and b, locate joints A and B;. Also, a3 and b3
locate joints Az and B3. The magnitude and direction of the
vectors are determined as Eq. (6) and Eq. (7).

bh=Ip+by—a, 3=[p+bz—a;3|. (6)
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Fig.7 Rear-front view of the robotic ankle prototype
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The velocity of joint B, and B3 is computed using Eq. (8).

Vg, =V, +w, xby, Vg, =V, +w, xb3 (8)

where Vg, is the velocity of B;, Vg, is the velocity of
Bs3, V, is the velocity of the moving platform, @, x b and
®, x b3 represent the velocity contribution to angular motion.

2.4 Control system

The control system diagram is presented in Fig. 6. The control
system variables are defined as follows:

e Oisen represents the ankle joint angles derived from gait
test data collected from female participants. These data
were obtained from the study conducted by [2].

e Opr represents the reference angle for the stepper motor
rotation.

e L, denotes the reference length for the linear actuators.

e v,y indicates the reference speed.

e u represents the voltage signal required for the stepper
motor to rotate according to the reference angle.

e The PWM signal (array) indicates the extension length
for the linear actuators in a format interpretable by the
driver.

e o denotes the rotational speed of the stepper motor,
observable during abduction—adduction movements.

e L represents the extension length of the linear actua-
tors, observable during dorsiflexion—plantarflexion and
inversion—eversion movements.

Based on the inverse kinematics calculations previously
explained, a code was developed in MATLAB v.2023ato cal-
culate the lengths and velocities of the actuators required to
extend or retract during the ankle’s trajectory. For each ankle
movement (dorsiflexion—plantarflexion, inversion—eversion,
and abduction—adduction), two position vectors and two
velocity vectors were generated for the linear actuators along-
side an angular position vector for the stepper motor. The
results are generated as vectors and subsequently used as
input in a code implemented in Arduino IDE.

The ESP32 DevKit V1 microcontroller was programmed
to control the prototype using Arduino IDE. In the dorsiflexion—
plantarflexion and inversion—eversion movements, which
depend exclusively on the linear actuators, an empirical con-
version function was established that relates the actuator
length (0 to 50mm) to 12-bit values (0 to 2047). This con-
version is necessary to compare the reference position with
the actual position, which is measured using a potentiometer
integrated into the actuators.

To allow some tolerance when comparing the actual
position with the reference position, a “deadband” was imple-
mented. When the actual position falls within the accepted
range, the system advances to the next position and velocity
vector, ensuring a smooth transition between positions with
defined speed.

The abduction—-adduction movement depends on the
28BYJ-48 stepper motor, which is programmed in “half-
step” mode to follow up to 8 phases at a speed of 24 RPM.
Unlike the linear actuators, the stepper motor operates in an
open-loop control system, lacking feedback. The program’s
input is the reference angular position vector for the stepper
motor. As the motor’s movement is angular, the system cal-
culates the necessary angular displacement after the initial
setup.

To ensure accurate positioning, the stepper motor must
first be returned to its initial position. This is achieved by
using two limit switches on either side of the motor, and a
pin aligned perpendicularly to the motor shaft, as shown in
Fig. 7. The microcontroller rotates the motor until the pin
touches one of the switches, after which it rotates by a prede-
fined angle to reach the initial position. This method ensures
the motor starts at the correct position before initiating any
movement.

2.5 Kinematics testing with the prototype

The objective of the present study is to conduct functional
tests with the physical prototype of the robotic ankle, which
features the 2SPU-RU parallel mechanism. These tests were
designed to evaluate the kinematic performance of the pros-
thesis, using the angular ranges obtained across three planes
of ankle motion during gait as a reference for generating the
angular motion trajectories of the robotic ankle prototype.

@ Springer



1322

Intelligent Service Robotics (2025) 18:1315-1337

The movements evaluated were dorsiflexion—plantarflexion
in the sagittal plane, inversion—eversion in the frontal plane,
and abduction—adduction in the horizontal plane. Each move-
ment was analyzed separately using videogrammetry and
Kinovea v0.9.5 software. A dedicated test environment was
setup, as shown in Fig. 8, where the prototype was suspended
in air on an aluminum frame. Acrylic plates were installed
on the frame to house the electronic circuits and system com-
ponents.

As reference markers for the video software, black adhe-
sive tape was applied in a line pattern on the prototype, as
shown in Fig. 9, to facilitate Kinovea analysis. The Arduino
IDE code, referenced in Section 2.4, guided the ankle proto-
type along the reference angular trajectory. Five gait cycles
were recorded for each movement in its respective plane.
Once the recordings were completed, the videos were pro-
cessed using Kinovea v0.9.5 software with the “Get Angle”
tool, which tracked the angles generated during each gait
cycle.

Figure 10 illustrates the procedure used to measure the
angles. The recorded data were then exported to CSV files
for further analysis. Following the extraction of CSV files,
the data were analyzed using Python. Each CSV file con-
tained multiple gait cycles for the three evaluated movements.
For the analysis, one representative gait cycle from each
movement was selected. This selected gait cycle was then
converted into a percentage of time to facilitate the evaluation
of the gait cycle phases for each movement. To visualize the
results, the selected gait cycle for each movement was plotted
alongside the corresponding reference trajectory, allowing
for a comparison between the recorded angular movement
of the physical prototype and the expected reference move-
ment. These results are presented in Results Section.

2.5.1 Error calculation methodology

Two error metrics, Root Mean Square Error (RMSE) and
Dynamic Time Warping (DTW), are employed to evaluate
the accuracy of the simulated movement compared to the
original movement. These methods comprehensively com-
pare the original and simulated dorsiflexion—plantarflexion,
inversion—eversion, and abduction—abduction trajectories
over a gait cycle. The results help assess how closely the
robotic ankle prototype replicates the expected movements.

RMSE is a widely used metric to quantify the differences
between predicted and observed values. It is susceptible to
more significant deviations, making it suitable for assessing
the accuracy of the simulated angles. RMSE is defined as

Eq. (9).

RMSE =

1 .
=Y i =32 ©)
n i=1
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where y; represents the observed values, y; represents the
simulated values, and 7 is the total number of data points.
RMSE penalizes more significant errors than smaller ones,
making it a robust choice for error analysis when the data
distribution is Gaussian [4].

DTW is an algorithm that measures similarity between
two sequences that may vary in time or speed. Unlike
RMSE, DTW accounts for temporal shifts and optimizes the
sequences by minimizing the cumulative alignment cost. The
DTW distance is calculated using dynamic programming and
is defined as Eq. (10).

D@ —1, ), Insertion
D(i, j) =d(x;, y;) +min{ D(, j — 1), Deletion ,
D@ —1,j—1), Match
(10)

where d(x;, y;) is the local distance between the i-th point
in the original sequence and the j-th point in the simulated
sequence and D(i, j) is the cumulative cost. The optimal
alignment path is determined by finding the path with the
minimum cumulative cost, ensuring that the two sequences
are compared effectively [14].

Therefore, RMSE was chosen because it provides a direct
measure of deviation, emphasizing larger errors that could
indicate significant discrepancies in gait replication. DTW
was selected for its ability to handle temporal misalignments,
common in human gait analysis. The combination of these
metrics provides a robust assessment of the magnitude and
temporal differences between the original and simulated pat-
terns.

2.6 Experimental procedure using pressure insoles

The XSENSOR Intelligent Insole system and XSENSOR
Pro Foot & Gait software were used to acquire force and
pressure data during the dorsiflexion—plantarflexion move-
ment, specifically to evaluate the ground interaction of the
robotic ankle prototype. This testing was conducted as part
of the initial validation of the prototype to assess its kinematic
performance during key phases of gait. The testing protocol
consisted of two stages:

1. Prototype testing: Assessing the force distribution gen-
erated by the robotic ankle prototype.

2. User testing: Capturing real gait force data from the same
participant used for previous inertial sensor-based kine-
matic data collection.
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Fig.8 Recording setup
configuration. Two cameras,
SONY FDR-AX700, were
positioned perpendicular to the
sagittal and frontal planes. For
the movements in the horizontal
plane, a smartphone was used
and positioned perpendicularly
to the plane
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Fig.9 Views of the prototype
with black adhesive tape in a the
sagittal plane, b the frontal
plane, and ¢ the horizontal plane
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2.6.1 Robotic ankle prototype testing

For prototype testing, the device was placed over the pres-
sure insoles to measure the force exerted on the ground during
dorsiflexion and plantarflexion. To simulate realistic gait con-
ditions, the prosthesis was manually lifted during the swing
phase of the gaitcycle. Additionally, a 1.5 kg load was applied
to the heel to simulate a more realistic force distribution. The
setup is shown in Fig. 11, and the total weight of the proto-
type, including this load, was assumed to be 2kg for force
normalization purposes.

Reference
Line

61 A L N
Tl

Reference
Line

(b) ©

2.6.2 User testing

For comparison, a human gait trial was conducted using
the same participant who provided the kinematic reference
data. The pressure insoles were inserted into the participants’
footwear, and force and pressure data were recorded while
they walked at a self-selected speed. The participant’s body
weight, 53.5 kg, was used for force normalization.
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Fig. 10 Use of the “Get Angle”
tool in Kinovea v0.9.5 for a
dorsiflexion—plantar flexion
movement in the sagittal plane,
b inversion—eversion movement
in the frontal plane, and ¢
abduction—adduction movement
in the horizontal plane

Fig. 11 Robotic ankle prototype testing using pressure insoles: a initial contact, b midstance, ¢ toe-off, d swing phase

2.6.3 Normalization and data comparison

A weight-normalized force approach was applied to ensure a
valid comparison between the forces generated by the robotic
prototype and those recorded by the human participant. The
force values were expressed as a percentage of total body
weight using Eq. (11):

Fineasured
_— 11
g (11

Frormalized =

where mg represents the subject’s body weight (53.5 kg)
or the prototype’s total weight (2kg). This normalization
enables a direct comparison of force distribution, regardless
of absolute weight differences.

2.7 Early-stage energy consumption analysis
At this TRL 3 stage, the objective is not to optimize power
usage but to verify that the chosen actuators can complete

representative gait cycles within the capacity of a readily
available battery. Energy consumption was therefore mea-
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sured in a single-degree-of-freedom (DoF) manner for the
three primary ankle motions: dorsiflexion—plantarflexion,
inversion—eversion, and abduction—adduction. The prototype
was powered from an 11.1-V, 2700-mAh Li-Po pack. A pre-
cision digital multimeter, placed in series with the supply,
recorded the average current (I) while each DoF executed
one complete gait cycle. All tests were repeated three times,
and the results were averaged.

Electrical power in a DC circuit is givenby P =V x [,
where V is the supply voltage and [ is the measured current.
Integrating that power over the measured cycle duration ¢
yields the total electrical work performed by the actuators,
as shown in Eq. (12):

E=Pxt, (12)

Energy may be reported either in joules (J) or, for battery-
sizing purposes, converted to milliampere-hours using Eq.
(13):

Ep 1

RO . 1
V3600 (13

Eman) =
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These values provide a first-order indication that the
present battery comfortably supports laboratory testing with
a margin for firmware overhead. A detailed duty-cycle
study, together with comparisons against commercial pow-
ered ankles, is deferred to future TRL 4-5 iterations when the
mechanical and control architectures have stabilized.

2.8 Early-stage reliability screening

A theoretical reliability screening was conducted to obtain an
order-of-magnitude estimate of electronic component failure
rates. Calculations followed the MIL-HDBK-217F parts-
count method, which expresses the failure rate (1) (in FIT,
failures per 10° hours) as stated in Eq. (14):

Motal = Ap T - TA -TTQ - TE - T~ -+ (14)

with ), the base rate and 7 factors accounting for temper-
ature, application stress, quality, environment, etc. Assuming
moderate laboratory conditions (7 ~ 1) and series config-
uration of the electronics, the system-level reliability over a
mission time 7 is shown in Eq. (15):

R(T) = exp(—hwotat X T) 15)

The resulting figures indicate a high theoretical mean-
time-between-failure for bench testing; however, this model
does not account for mechanical wear, connector fretting,
lubricant degradation, or seal fatigue. Experimental lifetime
cycling and high-accelerated life testing will be conducted
on the TRLS prototype once the final actuator and gearbox
selections are finalized.

2.9 Torque estimation for the actuation system

The torque estimation was performed exclusively for the
dorsiflexion—plantarflexion movement, representing the most
critical and biomechanically significant motion during the
gait cycle. Dorsiflexion—plantarflexion is responsible for
ground clearance during the swing phase and propulsion
in the stance phase, making it a key determinant of gait
functionality. In contrast, inversion—eversion and abduction—
adduction contribute more to balance and stability than
propulsion, so this study did not prioritize their torque anal-
ysis.

Since the robotic ankle prototype does not incorporate
embedded torque sensors, the torque exerted by the actu-
ators was estimated based on manufacturer specifications.
The force generated by each Actuonix P16-50-64-12-P lin-
ear actuator was obtained from its datasheet, which lists a
maximum force of 90 N for the 64:1 gear ratio configura-

tion. The torque was calculated using Eq. (16):
t=Fxr (16)

where 7 is the torque (Nm), F = 90N is the actuator
force, and r = 0.06m is the perpendicular distance from
the actuator attachment point to the ankle rotation axis. This
results in a torque of 5.4 Nm for dorsiflexion—plantarflexion
movement.

It is essential to note that this estimated torque is lower
than the typical human ankle torque, which ranges from
30 to 60 Nm during dorsiflexion—plantarflexion, depending
on walking speed and load. This limitation stems from the
force capabilities of the selected actuators. The prototype
operates within these constraints as part of an early-stage
evaluation, and future iterations will seek to incorporate
higher-torque actuators or enhance the mechanical design
to replicate human-like torque values more accurately.

3 Results

This section presents the results for dorsiflexion—plantarflexion,
inversion—eversion, and abduction—adduction movements of
the robotic ankle prototype during a gait cycle, compared
with reference data from a gait study [2]. The gait cycle is
divided into the stance phase (65%) and the swing phase
(35%).

The stance and swing phases are divided into five and three
subphases, respectively, resulting in eight subphases within
the gait cycle. The stance phase begins with the initial contact
(IC) subphase at 0% of the gait cycle, followed by the loading
response (LR) subphase, which spans from 0% to 10%. Next
is the midstance (MSt) subphase, which covers 10% to 30%,
followed by the terminal stance (TSt) subphase, from 30% to
55%. The stance phase concludes with the pre-swing (PSw)
subphase, which occurs from 55% to 65%.

Conversely, the swing phase begins with the initial swing
(ISw) subphase, which occurs between 65% and 75% of
the gait cycle. This is followed by the mid-swing (MSw)
subphase, covering 75% to 85%. Finally, the gait cycle con-
cludes with the terminal swing (TSw) subphase, occurring
from 85% to 100%.

3.1 Dorsiflexion-plantarflexion

For the dorsiflexion—plantarflexion movement, a comparative
graph was created to analyze the performance of the robotic
ankle prototype against the reference gait cycle movement,
as shown in Fig. 12a. The linear actuators control this move-
ment exclusively, operating synchronously throughout the
gait cycle. The length of the actuators during the cycle is
shown in Fig. 12b.
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Fig.12 Dorsiflexion—plantarflexion movement in the sagittal plane dur-
ing gait cycle: a comparative graph between the robotic ankle prototype
and reference movement of the gait cycle, b graph of linear actuator A;
and A3 extension/retraction during dorsiflexion—plantarflexion move-
ment. Subphase: initial contact (IC), midstance (MSt), terminal stance
(TSt), pre-swing (PSw), initial swing (ISw), mid-swing (MSw), termi-
nal swing (TSw)

The gait cycle begins with the stance phase. During the
first subphase, initial contact, both actuators are extended
to approximately 25 mm, corresponding to an angle of 5°.
In the following subphase, loading response, the actuators
extend further, reaching a length of approximately 34 mm,
which results in an angle of 1°. During midstance and part of
terminal stance, the actuators retract to a length of approx-
imately 15mm, reaching a peak at 43% of the gait cycle,
with a maximum angle of approximately 15°. Subsequently,
in the second part of the terminal stance and pre-swing, the
actuators reach their maximum extension during the cycle,
with a length of 45 mm, which occurs at approximately 68%
of the gait cycle.

The swing phase begins with the initial swing, where the
actuators retract. During mid-swing, the retraction continues
but at a slower rate, reaching a length of 25 mm. Finally, in
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Fig. 13 Robotic ankle prototype testing using pressure insoles: a initial
contact, b midstance, ¢ toe-off, d swing phase

the terminal swing subphase, the actuators extend again to
approximately 27 mm before returning to the initial position
(initial contact), marking the start of a new gait cycle.

The estimated torque generated by the actuators during
dorsiflexion—plantarflexion was 5.4 Nm, considering a max-
imum actuator force of 90 N and a lever arm distance of
6 cm. This theoretical value offers insight into the system’s
mechanical capabilities, but it does not account for dynamic
effects or variations resulting from actuator speed limitations.

During the dorsiflexion—plantarflexion movement, the
system operated at an average current of 0.5 A with a sup-
ply voltage of 11.1 V, resulting in a power consumption of
5.55 W. Given that each gait cycle lasts 11.1s, the energy
consumed per cycle is 61.605 J. Converting this energy into
milliampere-hours (mAh) yields approximately 1.54 mAh
per cycle. Since a gait cycle occurs roughly 324 times per
hour (3600s / 11.1 s), the system draws about 500 mAh per
hour. Consequently, with a battery capacity of 2700 mAh at
11.1 V, the system would operate continuously for approx-
imately 5.4h, highlighting the high energy demand of the
actuators during this movement.

3.1.1 Ground interaction analysis

In addition to the kinematic and energetic evaluations per-
formed with the robotic ankle prototype in a suspended setup,
an experimental assessment of its ground interaction was
conducted using pressure insoles.

This test compared the force distribution generated by the
prototype during dorsiflexion—plantarflexion against that of
a human user. Figure 13 presents the overlaid normalized
estimated force graphs for a complete gait cycle of the robotic
ankle prototype and the user.

A comparison of the force values reveals a difference in
the peak amplitude between the prototype and the user. The
prototype exhibits a maximum peak value of 0.52, whereas
the user’s force data reach a peak of 1.2.
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The overall shape of the curve is similar in both cases. The
force remains at O when either the prototype or the user’s foot
is in the air, followed by a peak when the heel makes contact
with the ground. This is followed by a valley during the foot-
flat phase and a second peak during toe-off before returning
to 0 as the foot leaves the ground.

These results provide insight into the prototype’s ability to
replicate human-like force distribution during dorsiflexion—
plantarflexion. However, differences in peak force suggest
limitations due to weight and load-bearing capacity.

3.2 Inversion-eversion

Figure 14a compares the inversion—eversion movement
between the robotic ankle prototype and the recorded move-
ment of the female user. This movement is controlled
exclusively by the linear actuators, which operate alternately
as shown in Fig. 14b. The gait cycle begins with the stance
phase, starting with the initial contact subphase, where actu-
ator Aj is extended to 37.5 mm and actuator A3 is extended
to 34.5 mm, forming an angle of 4°.

During the loading response and midstance subphases,
actuator A, extends while actuator A3 retracts, reaching a
peak at approximately —0.5° at 25% of the gait cycle. At
the end of the midstance subphase, both actuators reverse
their direction, and this pattern is maintained throughout the
terminal stance, pre-swing, initial swing, and part of the mid-
swing subphase. In mid-swing, a peak of approximately 7° is
reached at 80% of the gait cycle, with actuator A, extended
to 40mm and A3 to 32mm. Finally, the actuators switch
direction again (A; extends and A3 retracts), maintaining
this pattern throughout the remainder of the mid-swing and
terminal swing subphase, completing the gait cycle.

In addition to evaluating the kinematic behavior of the
robotic ankle prototype, the power consumption associated
with the inversion—eversion movement was analyzed. The
system consumed an average current of 0.42 A at a sup-
ply voltage of 11.1 V, resulting in a power consumption
of 4.66 W. With a gait cycle duration of 1.07s, the energy
consumed per cycle is 4.99 J. Converting this energy into
milliampere-hours (mAh) yields approximately 0.125 mAh
per cycle. Given that a gait cycle occurs about 3364 times
per hour (3600s/1.07 s &~ 3364), the system would draw
roughly 419 mAh per hour. Therefore, with a battery capac-
ity of 2700 mAh, the inversion—eversion movement could
be sustained continuously for approximately 6.44 h, under-
scoring the lower energy demand of the actuators during this
movement compared to dorsiflexion—plantarflexion.

3.3 Abduction-adduction

Figure 15 compares the abduction-adduction movement
between the robotic ankle prototype and the recorded move-
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Fig. 14 Inversion—eversion movement in the frontal plane during a gait
cycle: a comparative graph between the robotic ankle prototype and ref-
erence movement of the gait cycle, b graph of linear actuator A, and A3
extension/retraction during inversion—eversion movement. Subphase:
initial contact (IC), midstance (MSt), terminal stance (TSt), pre-swing
(PSw), initial swing (ISw), mid-swing (MSw), terminal swing (TSw)

ment of the female user. This movement is controlled solely
by the stepper motor labeled Al. The stance phase begins
with the initial contact subphase at 0°. During the loading
response and part of the midstance subphase, the stepper
motor rotates clockwise, forming an angle of approximately
5° at 20% of the gait cycle.

The stepper motor then reverses to counterclockwise rota-
tion, maintaining this direction through the remainder of
midstance and part of terminal stance, peaking at approxi-
mately 9° at 47% of the gait cycle. For the rest of the terminal
stance and during the pre-swing subphase, the stepper motor
rotates clockwise, returning the prototype to its initial posi-
tion of 0° at 65% of the gait cycle.

Once more, the stepper motor reverses counterclockwise
during the initial swing and mid-swing subphases, reaching
an angle of 7° at 85% of the gait cycle. Finally, during the ter-
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Fig. 15 Comparative graph of abduction-adduction in the horizon-
tal plane between the robotic ankle prototype and the female user’s
recorded movement during a gait cycle. Subphase: initial contact (IC),
midstance (MSt), terminal stance (TSt), pre-swing (PSw), initial swing
(ISw), mid-swing (MSw), terminal swing (TSw)

minal swing subphase, the motor rotates clockwise, bringing
the prototype back to its initial position of 0° and preparing
it for the start of a new gait cycle.

In addition to evaluating the kinematic characteristics of
the robotic ankle prototype, the power consumption during
the abduction—adduction movement was analyzed. The sys-
tem required an average current of 0.16 A at a supply voltage
of 11.1 V, yielding a power consumption of 1.94 W. With
a gait cycle lasting 1.52s, the energy consumed per cycle
is 2.95 J. Converting this to milliampere-hours results in
approximately 0.074 mAh per cycle. Given that about 2368
cycles occur per hour (36005s/1.52 s), the hourly consumption
is roughly 175 mAh, suggesting that, with a 2700 mAh bat-
tery, the abduction—adduction movement could be sustained
continuously for approximately 15.4h. This lower power
demand aligns with the movement’s mechanical simplicity,
primarily driven by a stepper motor.

3.4 Reliability estimation of the electronic system

We assume that components operate under moderate con-
ditions (room temperature), so most correction factors are
unity except where explicitly noted. For a system where
components are arranged in series, the overall failure rate
is approximated as the sum of each component’s individual
failure rates (Atotal)-

Table 1 presents the failure rate calculations for each sys-
tem component, following the MIL-HDBK-217F standard.
The values include the base failure rate (Ap) and relevant
correction factors (7, wa, wg, mE, ws). The total system
failure rate is obtained by summing the failure rates of all
components.
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R(T) = exp ( — Ao x 1072 x T) (17)

For instance, the ESP32 microcontroller has a failure rate
of 100 FIT, and its reliability over 1000h is:

Resps2 = exp (— 100 x 1077 x 1000)
~ exp(—0.0001) ~ 0.99990.

Similarly, the reliability of each component in Table 1 can
be computed. Since the system follows a series configuration,
the overall system reliability is given by (18):

Roysem(T) & exp (= (Y o) x 1077 x T
— exp ( ~ 1740 x 10~ x 1000)
~ exp(—0.00174) ~ 0.99826, (18)

indicating an overall system reliability of 99.83% over
1000h.

4 Discussion
4.1 Dorsiflexion-plantarflexion movement

The root mean square error (RMSE) for dorsiflexion—
plantarflexion motion was 2.621, and the dynamic time
warping (DTW) distance was 32.803, indicating moderate
temporal misalignment between the original and simulated
patterns (Fig. 16). Despite these deviations, the prosthetic
system replicates the essential phases and overall motion
trends of dorsiflexion within the gait cycle.

Analysis of actuator behavior throughout the gait cycle
(Fig. 12) reveals effective tracking of key subphases, includ-
ing initial contact, loading response, midstance, and terminal
stance. However, the timing of retraction and extension peaks
differs slightly from the user’s natural motion. For instance,
the first retraction peak occurs at 43% of the gait cycle in the
prototype, compared to 48% in the user. These deviations are
attributed to limitations in actuator speed and load-handling
capacity.

The estimated actuator torque of 5.4 Nm is considerably
lower than the typical human ankle torque range of 30-60
Nm, limiting the prototype’s ability to reproduce realistic
force output. Additionally, while the selected linear actuators
can achieve speeds up to 18 mm/s without load, their effec-
tive operational speed decreases under working conditions.
This affects both motion accuracy and timing, contributing
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Table 1 Failure rate calculation

for system components using Component Ap (FIT) T A o TE s Mtotal (FIT)
MIL-HDBK-217F ESP32 DevKit V1 100 1.0 1.0 1.0 1.0 - 100
Actuonix P16-50-64-12-P 200 1.0 1.0 1.0 1.0 1.1 220
28BYJ-48 Stepper Motor 500 1.0 1.0 1.0 1.0 - 500
ULN2003 Driver 200 1.0 1.0 1.0 1.0 - 200
BTS7960 Driver 500 1.0 1.0 1.0 1.0 - 500
L7805 Voltage Regulator 200 1.0 1.0 1.0 1.0 - 200
Capacitor (0.33 uF) 10 1.0 1.0 1.0 1.0 - 10
Capacitor (0.1 uF) 10 1.0 1.0 1.0 1.0 - 10
System total 1740
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Fig. 16 Warping path, sequence, and alignment for dorsiflexion—plantarflexion. Blue circle, warping path; red straight line, diagonal of the matrix;

blue line, alignment

to a prolonged gait cycle duration of 11.1s compared to the
approximately 1-second cycle of natural human gait. Never-
theless, the system captures the principal kinematic features
of ankle movement within the exploratory scope of this early-
stage prototype.

The focus on dorsiflexion—plantarflexion in this study
is justified by its dominant role in stance propulsion and
swing clearance during gait. Although inversion—eversion
and abduction—adduction contribute to ankle stability, their
torque demands are lower and more variable, depending
on external conditions. Future work could address these
additional degrees of freedom for a more comprehensive
evaluation.

4.1.1 Evaluation of ground interaction performance

Force analysis using pressure insoles revealed that, although
the overall shape of the force curve was preserved, the peak
amplitude differed between the user (1.2) and the robotic

prototype (0.52). This difference stems from the prototype’s
lower weight and the absence of full-body dynamics, which
naturally increase ground reaction forces in human locomo-
tion.

Despite this amplitude discrepancy, both curves exhibited
similar temporal patterns: minimal force during swing, a peak
at heel strike, a valley in midstance, and a second peak at toe-
off. This suggests the prototype successfully reproduces the
general force distribution associated with gait phases.

A key limitation is that the prototype was only eval-
uated for dorsiflexion—plantarflexion. Human ankles also
exhibit inversion—eversion and abduction—adduction move-
ments, which are essential for maintaining stability on uneven
terrain. The absence of these movements could affect real-
world performance.

The reduced force output also correlates with the system’s
limited torque capacity, as previously discussed. Further-
more, actuator speed constraints contribute to minor timing
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mismatches in peak force events, reinforcing the need for
actuators with greater speed and load capacity.

In summary, while the robotic ankle replicates essen-
tial force and motion patterns, enhancements in torque
output, actuator speed, and multi-plane mobility are nec-
essary to improve the fidelity of ground interaction and
functional realism. Future iterations could explore stronger
actuators, mechanical amplifiers, or adaptive control strate-
gies to address these limitations.

4.2 Inversion—-eversion movement

The RMSE for inversion—eversion was 1.359, and the DTW
distance for eversion was 8.954, indicating strong alignment
between the original and simulated trajectories (Fig. 17). The
warping path closely follows the diagonal, reflecting minimal
temporal and magnitude deviations. The actuators accurately
replicate the first angular peak at approximately 25% of the
gait cycle, closely matching the user’s recorded movement
(Fig. 14). These results highlight the prototype’s effective-
ness in reproducing lateral ankle behavior during gait.

Despite this satisfactory performance, some limitations
remain. During loading response, midstance, and swing sub-
phases, the user’s ankle exhibits subtle directional changes
that the prototype does not fully capture, resulting in a
smoother, less nuanced trajectory. This simplification stems
from the prototype’s mechanical constraints and the limited
degrees of freedom offered by the two linear actuators. Addi-
tionally, the second angular peak is delayed, appearing at
80% of the gait cycle in the prototype versus 60% in the user,
which can be attributed to actuator speed limitations.

Encouragingly, the prosthesis completes the inversion—
eversion cycle in approximately 1.07s, aligning closely with
the average duration of natural gait. While finer kinematic
details are not fully replicated, the system successfully repro-
duces the global temporal structure of this movement. Future
improvements should prioritize increasing actuator respon-
siveness and enhancing mechanical articulation to better
mimic the complexity of human ankle dynamics.

4.3 Abduction-adduction movement

The RMSE for abduction-adduction was 2.118, and the DTW
distance reached 39.78, indicating greater discrepancy com-
pared to dorsiflexion and eversion (Fig. 18). The warping
path exhibits substantial temporal misalignments, indicating
that the prosthesis struggles to accurately replicate transverse
plane movements.

The prototype closely replicates the user’s movement dur-
ing the early gait phases, notably aligning with the initial
negative peak at 20% of the cycle. However, in later sub-
phases such as midstance and terminal stance, the prosthesis
exhibits a clear phase shift: its peak occurs at 47%, while the
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user’s occurs at 64%. This advancement likely stems from
control system timing mismatches.

Although the system completes a functional gait cycle,
deviations in timing and amplitude reflect limitations in con-
trol precision. The open-loop nature of the stepper motor,
coupled with actuator speed constraints, contributes to these
discrepancies. Variability in actuator response time further
accentuates phase shifts.

A key difference is observed in the second positive peak,
where the prototype reaches 7° with a steep slope, while
the user remains at 0° with a gradual rise. This mismatch is
primarily due to the absence of position feedback; the stepper
motor operates at a constant, likely maximum, speed without
real-time adjustment, thereby limiting accuracy.

Incorporating a feedback system, such as an encoder,
would enhance movement fidelity by enabling adaptive
speed control and phase synchronization. This improve-
ment could significantly reduce timing and amplitude errors
in abduction-adduction replication, bringing the prosthesis
closer to natural ankle performance.

4.4 Reliability and durability of the prosthesis
system

An exploratory reliability assessment of the electronic sys-
tem was conducted using the MIL-HDBK-217F standard,
which estimates failure rates based on empirical models. The
total calculated failure rate was 1740 x 102 failures per
hour, corresponding to an estimated reliability of 99.83%
over 1000h of use.

This estimate reflects performance under moderate con-
ditions and does not account for mechanical wear in compo-
nents such as the actuators and structural parts. For example,
linear actuators are subject to repeated stress cycles that may
reduce their efficiency over time, and the stepper motor may
experience wear in its bearings or gears after extended use.

Since the prototype was tested in a controlled environment
without user interaction, these estimates should be vali-
dated through long-term testing under real-world conditions.
Accelerated life testing could also help identify potential fail-
ures under stress and provide a better understanding of the
system’s actual lifespan.

4.5 Comparison with existing transtibial prosthesis

The 2SPU-RU prototype introduces a parallel mechanism
with three actively actuated degrees of freedom, allowing
movement in the sagittal, frontal, and transverse planes. This
setup aims to replicate natural ankle motion more accurately,
thereby improving gait adaptability and balance. The design
also distributes mechanical loads across multiple limbs and
decouples motion in each plane, which may simplify con-
trol and reduce long-term wear. These features respond to
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limitations found in current prosthetic systems, which often
lack multi-directional mobility and rely on more complex
actuation schemes.

To further illustrate the functional advantages of our
2SPU-RU prototype, Fig. 19 compares its motion capabilities
with typical prosthetic designs, highlighting the three active
degrees of freedom (DoF) across the sagittal, frontal, and
transverse planes. This design sets our prototype apart from
conventional prostheses, which typically offer one or two
active planes of movement. Figure20 complements this by
comparing the range of motion in dorsiflexion—plantarflexion

and presenting a comparison of mechanism types and mass
(kg) of active transtibial prostheses.

Table 2 compares our design with eleven transtibial pros-
theses from recent literature. It highlights differences in
mechanism type (serial vs. parallel), number of active degrees
of freedom (DoF), movement ranges, device mass, and the
types of movements achieved. Our 2SPU-RU mechanism
stands out as one of the few parallel designs and the only
one capable of actively reproducing movements in all three
anatomical planes. It also has the lowest structural weight
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Fig. 19 Movements of the 2SPU-RU prototype: a dorsiflexion—plantarflexion in the sagittal plane, b inversion—eversion in the frontal plane, ¢

abduction—adduction in the transverse plane

(0.5 kg, excluding electronics), suggesting an advantage in
mobility and integration potential.

To better highlight the specific advantages of our system,
Table 3 summarizes the main contributions of the 2SPU-
RU prototype compared to the typical values found in the
literature.

While most prostheses utilize serial mechanisms and
typically actuate one or two planes, usually dorsiflex-
ion/plantarflexion and sometimes inversion/eversion, our
system is designed to reproduce the full range of ankle motion
with active motion in all three planes. The prototype achieves
comparable or better ranges of motion while maintaining a
significantly lower mass.

However, these benefits come with trade-offs. The use
of a parallel mechanism increases structural complexity and
introduces new control challenges. Since this is an early-
stage prototype (TRL 3), further development is needed to
improve torque generation, ensure closed-loop control in all
planes, and validate the system’s performance under load.

In summary, this work does not simply adapt a rehabilita-
tion mechanism to prosthetics. Instead, it takes advantage
of the 2SPU-RU’s structure, its ability to produce multi-
directional motion, and handle forces more evenly to explore
a potentially more functional and biomimetic solution for
transtibial prosthesis users.

4.6 Future work

Future developments for the transtibial prosthesis prototype
will focus on improving its mechanical performance, control
architecture, and readiness for real-world application.

One priority is optimizing the selection of actuators,
particularly by integrating options with higher torque and
faster response. Additionally, lightweight actuation alterna-
tives such as shape memory alloy (SMA) actuators could
be explored to reduce the overall weight of the system while
maintaining adequate force output [25]. These improvements
aim to address current limitations in movement fidelity and
peak torque generation.

Another area of development involves enhancing the con-
trol system. Future iterations may incorporate closed-loop
feedback across all degrees of freedom, utilizing position
sensors or encoders (such as Hall-effect sensors) to min-
imize trajectory deviations. Parameter sensitivity analysis
and adaptive control algorithms could also be explored
to improve system stability and responsiveness in variable
gait conditions. While the integration of machine learning
remains exploratory at this stage, it may offer tools for auto-
matic tuning of control parameters based on real-time gait
data in more advanced prototypes.

Additionally, future work will focus on validating and
improving the energy efficiency of the system. Although no
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detailed energy consumption testing has been performed on
this initial prototype, the lightweight structure and reduced
actuator count suggest the potential for improved energy
efficiency in future iterations. Quantitative validation of
energy use, including torque-per-watt metrics and battery
endurance, is planned for higher-TRL evaluations once load-
bearing capabilities and complete control integration are
achieved. These studies will help establish the energy perfor-
mance of the system, guiding further refinement to enhance
actuator efficiency and overall energy consumption during
gait.

It is essential to note that the current control system
remains at an early stage of development, consistent with the
prototype’s Technology Readiness Level (TRL) 3. A more
robust control system, incorporating closed-loop feedback
for all axes and advanced control strategies, will be devel-
oped as part of TRL 5 and TRL 6. These stages will focus on

@ Springer

Parallel
Type of mechanism

(b)

Serial

refining the control architecture and addressing challenges
such as system stability, robustness, and disturbance rejec-
tion in dynamic, real-world environments.

Validation in real-world settings is another critical step
forward. Future testing will include walking on variable ter-
rains and under dynamic conditions to assess the system’s
robustness and adaptability beyond laboratory environments.

Finally, clinical testing with transtibial amputees will be
conducted to evaluate the functional performance and usabil-
ity of the prosthesis. These trials will mark a key milestone in
advancing the prototype toward higher technology readiness
levels.
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Table 3 Functional contributions of the 2SPU-RU robotic ankle prototype

Key metric 2SPU-RU prototype (TRL Typical range in literature Remarks

3) (Table 2)

Mechanism Parallel Mostly serial; only 3 of 11 Parallel architectures are
devices employ parallel still uncommon in ankle
kinematics prostheses

Active DoF 3 (sagittal, frontal, 1-3; but simultaneously Our prototype is the only

transverse planes) active in all three planes is device in Table X that

absent in the surveyed actively actuates all three
prostheses anatomical planes

ROM (active) DF-PF ~ 40° (24° DF, 16° DF-PF 20-70°, I-E up to Our sagittal and frontal

PF) I-E ~ 39° (26° Inv, 45°, Ab—Ad 20-25° ROMs are within the

13° Evers) Ab—Ad =~ 34° mid—upper range;

(21° Abd, 13° Add) transverse ROM is
comparable to the few
devices that report it

Mass (without electronics) 0.5 kg 1.2-3.8 kg (median Lowest structural mass in

~ 1.8 kg) the survey;
electronics/battery will
increase weight, but
starting chassis mass is

advantageous

DF: dorsiflexion, PF: plantarflexion, I: inversion , E: eversion, Ab: abduction, Ad: adduction

5 Conclusion

This study presents the design exploration and functional
validation of a transtibial prosthesis based on a 2SPU-RU
parallel mechanism with three degrees of freedom. The pro-
totype was developed to explore the feasibility of using
parallel kinematic architectures to replicate ankle motion in
the sagittal, frontal, and transverse planes.

Functional validation included gait-based kinematic repli-
cation using videogrammetry, force distribution analysis
through pressure insoles, measurement of energy consump-
tion, and an initial reliability assessment of the electronic
system. The prototype successfully reproduced key gait
subphases and general movement patterns, particularly in
dorsiflexion—plantarflexion and inversion—eversion. How-
ever, limitations in actuator speed, torque output, and control
fidelity resulted in noticeable deviations in timing and ampli-
tude when compared to human reference data.

The analysis of ground interaction revealed that while the
force distribution shape was preserved, peak amplitudes were
significantly lower than those of a human user, consistent
with the prototype’s limited load-bearing capacity and torque
generation capabilities. Energy consumption measurements
revealed high-power demand during dorsiflexion, indicating
the need for more efficient actuation strategies. Reliability
calculations based on component failure rates suggest that
the electronic system is likely to exhibit promising durabil-
ity under moderate conditions. However, mechanical wear
remains to be evaluated through long-term testing.

This exploratory study demonstrates the feasibility of
using a 2SPU-RU configuration in transtibial prosthetics.
While promising, the design must undergo additional refine-
ment and validation before its practical deployment can be
realized. Overall, this work demonstrates the feasibility and
potential of applying parallel mechanisms to ankle prostheses
through the development of a lightweight 2SPU-RU proto-
type with three actively actuated degrees of freedom. While
the current design remains at a proof-of-concept stage (TRL
3), its ability to replicate ankle kinematics in all anatomical
planes establishes a solid foundation for future advance-
ment. Upcoming work will prioritize empirical validation of
torque-angle behavior, dynamic gait performance, and load-
handling capabilities. Additionally, real-world trials with
transtibial amputees are planned to assess the usability, wear-
ability, and clinical feasibility of the device. These next steps
are essential to determine whether this architecture offers
functional advantages over conventional prosthetic designs.
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