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Abstract

This paper presents the kinematic design and experimental validation of a two-degree-of-
freedom ankle mechanism based on stepper motor actuation and ball-screw transmission.
The proposed system employs a hybrid architecture, combining actively controlled motion
in the sagittal plane with passively compliant motion in the frontal plane. Experimental
evaluation under no-load laboratory conditions demonstrated a strong linear relationship
between motor steps and joint angle within an operating range of approximately ±22◦,
with coefficients of determination exceeding 0.97. The results confirm the predictability
and repeatability of the kinematic transformation while revealing minor hysteresis effects
associated with mechanical transmission. The proposed mechanism is intended as a
validation platform for studying motion transformation in multi-DoF (degree-of-freedom)
ankle systems, providing a basis for future work on load analysis, torque modeling, and
closed-loop control.

Keywords: ankle mechanism; two-degree-of-freedom (2-DoF); kinematic modeling;
ball-screw transmission; open-loop control

1. Introduction
Human walking depends on coordinated lower-limb motion, where the ankle joint

plays a major role in the stability, propulsion, and regulation of ground reaction forces [1].
For individuals with transtibial amputation, the loss of active ankle push-off increases the
metabolic cost of walking and often leads to compensatory gait strategies that overload
intact joints [2–4].

Recent advances in powered prosthetic systems have improved the functional ca-
pabilities of conventional passive devices. Modern ankle prostheses commonly employ
electric actuators and embedded controllers to restore dorsiflexion and plantarflexion mo-
tion [5]. However, most commercially available systems remain limited to a single degree
of freedom operating only in the sagittal plane [6,7].

In human biomechanics, the ankle also performs inversion and eversion motions in the
frontal plane, which are essential for balance control and adaptation to uneven terrain. This
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limitation has motivated the development of multi-degree-of-freedom ankle mechanisms.
Several 2-DoF systems have been proposed, including cable-driven and emulator-based
designs [8–12]. Although these approaches demonstrated promising performance, many
remain mechanically complex, heavy, or limited to laboratory conditions.

Another important challenge is the distribution of mass within the prosthesis. Exces-
sive distal mass increases metabolic cost and negatively affects gait biomechanics [13,14].
Consequently, modern prosthetic designs aim to reduce actuator complexity and overall
system weight.

Despite recent progress, the kinematic relationship between actuator input and ankle
joint motion is still insufficiently investigated in many existing systems. To address this
issue, this study proposes a hybrid two-degree-of-freedom ankle mechanism. In the
proposed design, sagittal-plane motion is actively driven using a stepper motor and ball-
screw transmission, while frontal-plane mobility is realized passively through the structural
configuration of the mechanism. This hybrid approach reduces mechanical complexity
while preserving multi-planar motion capability.

The proposed system is intended as a kinematic validation platform rather than a fully
developed clinical prosthesis. The main objective of this work is to experimentally evaluate
the relationship between actuator input and ankle joint motion, with particular focus on
positioning accuracy, repeatability, and motion linearity.

2. Kinematic Design and Mechanical Architecture of the 2-DoF
Ankle Mechanism

The proposed device is a two-degree-of-freedom (2-DoF) ankle mechanism designed
to enable motion in two mutually perpendicular planes. From a kinematic point of view,
the system can be described as a mechanism with two rotational joints.

The first degree of freedom (R1) corresponds to motion in the sagittal plane
(dorsiflexion–plantarflexion) and is actively driven by a stepper motor through a ball-screw
transmission. The second degree of freedom (R2) represents motion in the frontal plane
(inversion–eversion) and is realized passively through the geometry of the mechanism.

The kinematic configuration of the system is illustrated in Figure 1. The diagram
shows how the linear motion generated by the actuator is converted into rotational motion
at the ankle joint through a multi-link mechanism.

(a) (b) 

Figure 1. Kinematic diagram and experimental prototype of the two-degree-of-freedom ankle
mechanism: (a) kinematic diagram; (b) experimental prototype.

The mobility of the mechanism can be estimated using the Grübler–Kutzbach criterion:

M = 3(n − 1 )- 2j1 − j2 (1)
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where n is the number of links and j1 is the number of single-degree-of-freedom joints.
Since all joints in the proposed design are revolute, the overall mobility of the system

is M = 2. This corresponds to two independent rotational motions in the sagittal and
frontal planes.

Motion in the sagittal plane is generated through the ball-screw transmission. The
rotation of the stepper motor produces a linear displacement along the screw:

∆x = p · N (2)

where p is the screw pitch and N is the number of motor steps. This linear displacement
is then converted into angular rotation through the linkage mechanism, which can be
approximated (for small angles) as:

θ ≈ ∆x/r (3)

where r is the effective lever arm. As a result, the overall kinematic transformation follows
a clear sequence: motor steps, linear displacement, linkage motion, joint rotation. This rela-
tionship is deterministic and forms the basis for the experimental validation presented later.

The experimental prototype shown in Figure 1b integrates the stepper motor, ball-
screw transmission, and linkage system to produce controlled angular motion of the foot
segment. The actuator is positioned away from the joint axis, which helps reduce distal
mass and improves the overall dynamic characteristics of the system.

The motion in the frontal plane (R2) is not directly actuated. Instead, it arises from
the geometric configuration of the mechanism and its interaction with external forces. In
practice, this motion is influenced by ground reaction forces and the contact between the
foot segment and the supporting surface.

The spatial arrangement of the rotational axes is designed so that they intersect near
the geometric center of the ankle joint. This helps reduce unwanted parasitic motion and
brings the mechanism closer to the natural biomechanics of the human ankle.

Overall, the proposed design can be described as a hybrid kinematic system with
two degrees of freedom, where one axis is actively controlled and the other is realized
passively. This approach reduces structural complexity while still allowing multi-planar
motion, and it provides a clear framework for analyzing and experimentally validating the
kinematic transformation.

3. Actuation and Control Architecture of the Ankle Mechanism
The actuation and control system of the proposed ankle mechanism is based on stepper

motor-driven position control and is implemented using a custom-designed embedded
platform. The complete electrical schematic of the system is shown in Figure 2, while the
physical realization of the control board is presented in Figure 3.

At the core of the control system is an ESP32-S3 microcontroller (Espressif Systems,
Shanghai, China), which handles motor control, sensor data processing, and communication
with external devices. The electrical design separates the power and logic domains (5 V
and 3.3 V), which helps ensure stable operation and reduces the influence of electrical noise.
Power is supplied via a USB-C interface, while a CH340 USB-to-UART converter (Nanjing
Qinheng Microelectronics, Nanjing, China) is used for programming and data exchange.

The stepper motor is controlled using STEP and DIR signals. The STEP signal defines
the discrete movement increments of the motor, while the DIR signal determines the
direction of rotation. These signals are generated by the microcontroller and sent to
an external driver, which regulates the current and controls the excitation of the motor
windings. In this configuration, the system operates in an open-loop mode, where the
position is determined by counting motor steps.
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Figure 2. Electrical schematic of the ankle mechanism control system including the ESP32, power
supply, inertial measurement unit IMU, and interface components. Colors distinguish the electrical
connections, while the letters and numbers indicate component designations, pin numbers, signal
names, and voltage levels.

 
Figure 3. Custom-designed control board (PCB) used for stepper motor actuation. The labels identify
the main connectors, controls, and electronic components, while the colors are used only for visual
representation and do not encode additional information.

Although open-loop stepper motor systems may be susceptible to step-skipping under
excessive load conditions, the proposed mechanism was operated at low angular velocities
and moderate torque levels to minimize this risk. In addition, the selected motor provided
sufficient torque margin relative to the required ankle actuation load. During the experi-
mental trials, no observable synchronization loss or positioning instability was detected.
The implemented homing procedure using a mechanical limit switch also improved re-
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peatability by re-establishing the reference position before each experiment. Nevertheless,
the integration of encoder-based closed-loop feedback control will be considered in future
work to further improve positioning reliability and robustness.

The rotational motion of the motor is converted into linear displacement through a
ball-screw mechanism. This linear motion is then transformed into angular rotation of the
ankle joint via the multi-link mechanism described in Section 2. As a result, the actuation
system establishes a deterministic geometric transformation chain from motor steps to
joint angle.

To measure angular displacement, an MPU9250 inertial measurement unit (IMU; TDK
InvenSense, San Jose, CA, USA) is used. The sensor communicates with the microcontroller
via the I2C interface and provides real-time measurements of angular velocity and linear
acceleration. These data are used to estimate the ankle joint angle. It is important to
note that the IMU is not used for feedback control; instead, it is employed solely for
experimental validation and measurement purposes. This allows the kinematic behavior of
the mechanism to be evaluated independently of any control-loop effects.

A homing procedure based on a mechanical limit switch is used to define the initial
reference position of the system. At startup, the mechanism is moved to a known zero posi-
tion, and all subsequent motion is defined relative to this reference. This approach improves
positioning accuracy and ensures repeatability across multiple experimental trials.

The control board shown in Figure 2 integrates all key components into a compact
and modular design, including the microcontroller, power management circuitry, user
interface elements, and motor driver connections. This modular architecture leaves room
for future extensions, such as closed-loop control, additional sensing, and more advanced
control strategies.

Overall, the proposed actuation and control system is fully defined from electrical,
logical, and functional perspectives. It provides a reliable platform for studying the kine-
matic transformation, positioning accuracy, and repeatability of the ankle mechanism under
controlled laboratory conditions.

4. Control and Measurement Architecture
The control and measurement architecture of the proposed ankle mechanism is de-

signed to ensure precise and repeatable motion generation, while also enabling quantitative
evaluation of its kinematic performance. The overall system configuration is illustrated
in Figure 4.

Within this architecture, an ESP32-based embedded controller serves as the central
control unit, generating STEP and DIR signals for the stepper motor driver. These signals
are produced according to predefined motion profiles and enable discrete position control
of the actuator. The system operates in an open-loop mode, meaning that the joint position
is determined by the number of commanded motor steps.

To establish a consistent reference, a homing procedure is performed at startup. This
process relies on a mechanical limit switch, which defines a repeatable zero position for
the mechanism. Once the homing sequence is completed, the internal step counter of the
controller tracks all subsequent motion relative to this reference. This approach ensures a
high level of repeatability during experimental trials.

Angular motion is measured using an MPU9250 inertial measurement unit (IMU)
mounted on the foot segment. The sensor communicates with the controller via the I2C
interface and provides real-time orientation data. These measurements are used exclusively
for experimental analysis and are not fed back into the motor control loop. This separation
allows for the kinematic behavior of the mechanism to be evaluated independently of
control-related effects.
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Figure 4. Control and measurement architecture of the ankle mechanism, including stepper motor
control, homing procedure, IMU-based angle measurement, and wireless communication interface.

In addition, the system includes a built-in Wi-Fi module that enables wireless com-
munication. This allows external devices to send motion commands and monitor system
performance during testing. The communication layer functions purely as an interface and
does not alter the open-loop nature of the position control.

Overall, the proposed architecture combines reference-based positioning (through
homing and step counting) with independent angular measurement. This clear separation
between control and measurement provides a transparent experimental framework for an-
alyzing motion linearity, repeatability, and potential hysteresis effects without introducing
additional complexity from closed-loop control.

5. Experimental Results and Validation of Kinematic Performance
The experimental evaluation of the proposed two-degree-of-freedom ankle mecha-

nism was carried out to assess the accuracy of the kinematic transformation, positioning
repeatability, and motion linearity. All experiments were conducted under controlled
laboratory conditions without external load (no-load condition), allowing the geometric
relationship between actuation and joint motion to be examined independently.
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The experimental setup is shown in Figure 5. The mechanism was rigidly fixed to
a stationary base in order to minimize external disturbances and unwanted motion. The
system was driven by a stepper motor controlled via an ESP32-based embedded unit.
A regulated DC power supply was used to ensure stable operation of both the motor
driver and the control electronics. Angular displacement was measured using an MPU9250
inertial measurement unit (IMU) mounted directly on the foot segment, enabling direct
measurement of the ankle joint orientation.

(a) (b) 

Figure 5. Experimental setup of the 2-DoF ankle mechanism: (a) ankle mechanism with IMU-mounted
foot segment and embedded controller; (b) external DC power supply used during experiments.

The experimental protocol focused on controlled motion in the sagittal plane within
an operating range of approximately ±22◦. Motion was executed in both directions:
downward (plantarflexion-dominant) and upward (dorsiflexion-dominant). This approach
allowed for the symmetry of the system and potential hysteresis effects to be evaluated.
Each test was performed after a homing procedure, and all measurements were referenced
to the same initial zero position.

Representative positions of the mechanism during operation are shown in Figure 6.
The images correspond to different commanded step inputs within the working range.
The sequence demonstrates smooth and continuous motion, with no visible mechanical
locking or abrupt transitions. No noticeable structural deformation or joint misalign-
ment was observed within the tested range. Repeatability was assessed through multiple
forward–reverse cycles, during which the mechanism consistently returned to the same
zero reference position, indicating stable step-based positioning.

(a) (b) (c) 

Figure 6. Experimental sequence of ankle mechanism motion: (a) neutral position; (b) dorsiflexion
motion; (c) plantarflexion motion.
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To quantify the system behavior, a regression analysis was performed between the
number of motor steps and the corresponding joint angle measured by the IMU. The results
for the downward motion are presented in Figure 7.

Figure 7. Correlation between motor steps and ankle joint angle during downward motion
(plantarflexion-dominant) with linear regression (R2 = 0.989).

Prior to regression analysis, the experimentally measured IMU signals were filtered
in order to reduce high-frequency noise and sensor fluctuations. As a result, the number
of filtered data samples differed from the number of commanded motor steps. The motor
input itself remained deterministic and was generated directly by the stepper controller,
while the filtering procedure was applied only to the measured angular response. This
preprocessing improved the stability of the regression analysis and reduced the influence
of measurement noise on the estimated kinematic relationship.

The data showed a strong linear relationship with a coefficient of determination of
R2 = 0.989, indicating that approximately 98.9% of the angular variation can be explained
by the motor input. The remaining deviation was attributed to measurement noise and
minor nonlinearities in the mechanical transmission. The results for the upward motion
are shown in Figure 8.

In this case, the linear relationship remained strong, although the coefficient of deter-
mination was slightly lower (R2 = 0.972). This difference suggests the presence of minor
hysteresis effects, which are likely caused by backlash and friction within the ball-screw
and linkage mechanism. Such behavior is typical for mechanical systems of this type.
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https://doi.org/10.3390/engproc2026154052


Eng. Proc. 2026, 154, 52 9 of 12

Figure 8. Correlation between motor steps and ankle joint angle during upward motion (dorsiflexion-
dominant) with linear regression (R2 = 0.972).

Overall, the high values of R2 > 0.97 in both directions confirm the linearity and
predictability of the motion transformation, as well as the consistency of the positioning
within the tested range. The observed asymmetry between forward and reverse motion
remained relatively small and within acceptable limits for a prototype-level system.

To evaluate repeatability and positioning consistency, multiple forward–reverse exper-
imental cycles were performed under identical operating conditions. The validation criteria
included repeatability of the zero reference position, smoothness of motion, absence of
observable step loss, and linear correlation between motor input and measured ankle angle.
Linear regression analysis was used as the primary statistical evaluation method, where
the coefficient of determination (R2) quantified the strength of the kinematic relationship
between commanded motor steps and joint motion.

It should be emphasized that these results reflect kinematic performance under no-
load conditions and do not represent the behavior of the mechanism under realistic gait
loading. Therefore, the current study did not address force generation, torque output,
or dynamic interaction with the ground. Instead, the results should be interpreted as a
validation of the underlying kinematic transformation. As such, they provide a useful
experimental basis for future work involving load analysis, torque modeling, and the
development of closed-loop control strategies.

6. Discussion
The experimental study was aimed at evaluating the accuracy of the kinematic trans-

formation between actuator input and joint motion in the proposed two-degree-of-freedom
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ankle mechanism. The results showed a strong linear relationship between the number of
motor steps and the resulting joint angle, with coefficients of determination of R2 = 0.989
for downward motion and R2 = 0.972 for upward motion. These values indicate that the
angular displacement is largely governed by the commanded step sequence, confirming
good positioning accuracy of the system.

The slight difference in R2 values between forward and reverse motion suggests the
presence of hysteresis effects within the mechanism. This behavior is typical for systems
involving ball-screw transmissions and linkage mechanisms, and can be attributed to
backlash, friction, and material compliance. However, the observed deviations were
relatively small compared to the overall working range (approximately ±22◦) and did not
significantly affect motion stability or continuity.

The achieved angular range of approximately ±22◦ represents a partial reproduc-
tion of the physiological ankle motion range. In healthy human biomechanics, the ankle
joint typically allows for approximately 20◦ of dorsiflexion and up to 45◦ of plantarflex-
ion. Therefore, the proposed mechanism does not yet cover the complete natural ankle
range of motion. Nevertheless, the obtained motion range is sufficient for validating the
kinematic transformation principles and for performing controlled laboratory-scale reha-
bilitation and assistive motion experiments. Future optimization of the linkage geometry
and actuator stroke may allow for expansion of the achievable angular range toward more
physiologically representative motion.

From a biomechanical perspective, the human ankle does not operate solely in the
sagittal plane but also plays an active role in the frontal plane, contributing to balance
control and the regulation of ground reaction forces. In the proposed mechanism, motion in
the sagittal plane is actively driven, while motion in the frontal plane is realized passively
through the structural configuration. This hybrid approach reduces system complexity
compared to fully actuated designs and helps limit distal mass, which is an important
factor for improving biomechanical efficiency. In addition, the spatial arrangement of the
rotational axes, positioned near the geometric center of the joint, helps reduce parasitic
motion and better approximate natural ankle behavior.

At the same time, the results should not be interpreted as evidence of full biomechani-
cal equivalence. The experiments were conducted under no-load and stationary laboratory
conditions, meaning that the findings primarily reflect the accuracy of the kinematic trans-
formation. In real gait, the ankle is subject to complex dynamic loading, where torque
generation and interaction with ground reaction forces play a critical role. These aspects
were not addressed in the present study and remain topics for future investigation.

It should also be noted that although the system was designed with two degrees of
freedom, the experimental validation focused mainly on motion in the sagittal plane. While
frontal-plane motion is supported by the kinematic structure, its detailed experimental
characterization and control have not yet been explored. For this reason, the proposed
system should be viewed not as a fully functional 2-DoF prosthetic device, but rather as an
initial platform for validating the underlying kinematic principles.

The main contribution of this work lies in the experimental verification of a deter-
ministic kinematic transformation chain linking motor steps, linear displacement, linkage
motion, and joint rotation. The observed linear relationship between input and output
demonstrates that the mechanism can be controlled in a predictable and repeatable manner.
This provides a solid basis for future studies involving force analysis, torque estimation,
and the development of closed-loop control strategies.

In this sense, the presented system is better understood as an experimental platform for
studying motion transformation in multi-DoF ankle mechanisms rather than as a finalized
clinical solution. The results offer quantitative evidence of kinematic performance and

https://doi.org/10.3390/engproc2026154052

https://doi.org/10.3390/engproc2026154052


Eng. Proc. 2026, 154, 52 11 of 12

can support further development toward systems capable of operating under realistic
biomechanical conditions.

7. Conclusions
This paper presented the kinematic design and experimental validation of a two-degree-

of-freedom ankle mechanism based on a stepper motor and ball-screw transmission. The
proposed design follows a hybrid architecture, with actively controlled motion in the sagittal
plane and passively compliant motion in the frontal plane. This approach helps reduce
structural complexity while maintaining a clear and well-defined kinematic transformation.

Experimental results obtained under laboratory conditions showed a strong linear
relationship between motor steps and ankle joint angle. Within the tested operating range
of approximately ±22◦, the coefficient of determination exceeded R2 > 0.97 in both motion
directions, indicating good positioning accuracy and a predictable transformation between
input and output. A small difference between forward and reverse motion suggests the
presence of limited hysteresis, which can be attributed to friction and backlash within the
transmission system.

It should be noted that these results do not represent the dynamic or load-bearing
performance of a fully functional prosthetic device. The study was focused on evaluating
kinematic transformation accuracy and positioning repeatability under no-load conditions,
without considering external forces or realistic gait scenarios. For this reason, the proposed
system should be viewed as an experimental platform for studying kinematic behavior in
multi-degree-of-freedom mechanisms, rather than as a complete clinical solution.

The main contribution of this work lies in the quantitative verification of the kinematic
transformation chain from motor steps to joint rotation (motor steps, linear displacement,
linkage motion, joint angle). The results provide a reliable experimental basis for assessing
motion linearity, positioning accuracy, and repeatability.

Future work will focus on evaluating the force and dynamic characteristics of the
mechanism, including its behavior under loading conditions, as well as the integration of
feedback-based control strategies. In addition, further investigation of frontal-plane motion
and its biomechanical relevance will be an important direction for subsequent studies.
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