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Abstract
Understanding the complex biomechanics of the ankle is essential for advancing rehabilitation protocols and improving
the design of assistive devices. This work proposes a standardised and reproducible protocol for the three-dimensional
assessment of ankle kinematics using a marker-based gold-standard motion capture system. Ankle movements of 34
healthy adult women and men were investigated using a VICON motion capture system equipped with 12 infrared cam-
eras. A total of 32 reflective markers were attached to the lower legs, feet and shoes of each participant to capture joint
motion and foot–shoe interactions. Participants performed controlled plantarflexion–dorsiflexion, inversion–eversion
and abduction–adduction movements, which were analysed using combined local coordinate frames to resolve ankle
motion in all three anatomical planes. The ankle joint exhibited the greatest mobility in the frontal plane, with a maximum
pitch angle of 106.5; dorsiflexion and plantarflexion were dominated by pitch motion, with an average range of 59.1° in
pitch; inversion and eversion showed a more evenly distributed motion pattern, with average angular displacements of
37.4° in roll; abduction and adduction were characterised by yaw motion, with 28.3°. Results demonstrated consistent
intra-subject repeatability across trials, with noticeable inter-subject variability, confirming the effectiveness of the pro-
posed protocol in capturing natural variations in human motion. A secondary analysis revealed relative displacement
between the foot and shoe, with an average slip of approximately 1 mm and peak values exceeding 10 mm in extreme
cases, highlighting the importance of footwear-foot coupling in kinematic studies. The proposed methodology provides a
robust foundation for the quantitative characterisation of ankle mobility, enabling reproducibility across laboratories and
supporting future developments in rehabilitation robotics, ergonomic footwear design and motion analysis research.
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Introduction
The ankle plays a crucial biomechanical function in every-
day movements including walking, running and jumping.1

Among these, force transfer, stress absorption, maintaining
balance, producing propulsion and adjusting to uneven ter-
rain all depend on its healthy operation and all of these are
intimately related to muscular health. Recent advancements
in wearable sensing technologies, robotic assistance and
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computational modelling have significantly expanded the
ability to quantify and support ankle function during daily
activities.2,3 At the same time, the rapid development of
ankle exoskeletons, rehabilitation robots and assistive
devices has increased the demand for accurate biomechan-
ical characterisation of ankle motion to ensure safe, effect-
ive and adaptive human–machine interaction.4–7 Despite
these technological advances, the ankle remains highly sus-
ceptible to injuries such as sprains, chronic instability and
arthritis, which can significantly compromise mobility and
quality of life.8

Understanding the biomechanics of the ankle has drawn
more attention in recent years from both the clinical and
technical domains. In the field of medicine, this information
aids in the creation of successful rehabilitation plans,9–12

and in engineering, it guides the creation of orthotics, pros-
thetics and assistive technology that restore or improve
ankle function.13–17 These systems rely heavily on precise
descriptions of ankle joint kinematics, workspace boundar-
ies and motion coupling to optimise control strategies, per-
sonalisation and adaptive assistance.18–20 Despite
significant progress in device design, sensing and control,
a major challenge remains the lack of standardised and
experimentally validated representations of the ankle’s
three-dimensional workspace, which are critical for both
clinical assessment and engineering design. Within this
context, the concept of the ankle workspace has emerged
as a key biomechanical descriptor, providing a compact
and quantitative representation of the joint’s functional cap-
abilities relevant to rehabilitation planning, performance
evaluation and robotic system development..21

Additionally, the examination of ankle joint movement
is essential in clinical and research contexts, providing sig-
nificant insights into gait patterns, rehabilitation results and
lower limb biomechanics.22 Precise evaluation of ankle
kinematics is crucial for comprehending pathological situa-
tions, directing therapeutic interventions, and enhancing
athletic performance.23

Standardised procedures that are expressly designed for
the analysis of ankle motion data are still lacking, despite
the increasing availability of motion capture devices and
computational tools.24 Ankle mobility is inherently com-
plex due to the interplay between multiple joints and planes
of motion. As a result, accurate protocols that take into con-
sideration anatomical diversity, marker placement preci-
sion, and suitable filtering and processing methods are
necessary for the interpretation of motion capture data.
The data acquisition parameters, joint modelling assump-
tions and analytical frameworks used in existing method-
ologies frequently vary, which causes discrepancies and
restricts the comparability of results between investigations.
The construction of specialised assistive devices, such as
exoskeletons and wearable supports, that complement the
joint’s natural movements is made possible by an under-
standing of the ankle’s workspace, which has important

rehabilitation benefits. Furthermore, it helps patients with
degenerative diseases experience less joint stress and
increased energy efficiency. Through the identification of
dangerous actions and the improvement of training meth-
ods, this type of analysis can help athletes perform at their
best and avoid injuries. To address these inconsistencies,
this work proposes a reproducible and standardised experi-
mental procedure designed to ensure methodological com-
parability across laboratories.

Through the use of motion capture and analytical techni-
ques, this work presents a novel methodology for describ-
ing ankle movement by analysing its workspace. A
thorough depiction of the ankle’s range of motion (ROM)
as well as its geometric and kinetic behaviour during
dynamic tasks may be made possible by this analytical
procedure.

In parallel with advances in motion capture and bio-
mechanical modelling, recent research has increasingly
focused on position and displacement tracking control strat-
egies for lower-limb rehabilitation and assistive devices.
Accurate joint-level kinematic information is a fundamental
prerequisite for these controllers, as it directly affects track-
ing precision, stability and user safety.25

Several studies have investigated ankle kinematics using
motion capture systems, focusing on joint ROM, gait ana-
lysis or specific clinical conditions.26 Classical works and
subsequent experimental studies have provided valuable
insights into ankle and subtalar joint behaviour, often rely-
ing on predefined joint coordinate systems and planar ana-
lyses.27,28 More recent contributions have extended these
approaches to rehabilitation robotics and assistive device
design, where ankle kinematics are used to define reference
trajectories or evaluate controller performance.29,30

However, existing studies typically focus on either
joint-level angular measurements or device-specific appli-
cations, without providing a fully standardised protocol
that integrates three-dimensional workspace characterisa-
tion, consistent local reference frame definitions, and an
explicit evaluation of foot–shoe coupling effects. The pre-
sent work addresses this gap by proposing a unified experi-
mental and analytical framework that enables reproducible
three-dimensional ankle kinematic assessment and supports
downstream applications in biomechanics, rehabilitation
and control-oriented research.

The ankle joint is a complex anatomical mechanism that
is necessary for movement and weight bearing. It serves as
the point of connection between the leg and foot, facilitating
essential movement and supporting the body during
dynamic tasks. Mobility in the sagittal, frontal and trans-
verse planes of the body is made possible by the ankle’s
articulating surfaces.31

Each plane experiences several forms of motion, as
shown in Figure 1.32

Both dorsiflexion and plantarflexion, which take place
around an axis via the medial and lateral malleoli, involve
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raising the foot toward the shin and pointing the foot down-
ward, respectively, in the sagittal plane (Figure 1(b)). The
rotational axis is located where the malleoli connect the lon-
gitudinal axis of the tibia, and inversion and eversion,
respectively, characterise the inward and outward tilting of
the foot in the frontal plane (Figure 1(a)). The transverse
plane rotates around an axis that coincides with the long
axis of the tibia, allowing the foot to move medially (adduc-
tion) or laterally (abduction) (Figure 1(c)).33 These funda-
mental motions work together to create complex
three-dimensional movements like pronation and supination.

For instance, pronation is a coordinated movement that
turns the sole of the foot outward by combining dorsiflex-
ion, eversion and abduction. These coordinated motions
are essential for running, gait and surface adaptation.

The ankle experiences significant mechanical stresses:
when walking, it frequently experiences force up to five
times body weight, and when sprinting, it can experience
forces up to 13 times. Assessment methods, age and cultural
variables all affect its ROM. Sagittal plane ROM usually
consists of 20° to 30° dorsiflexion and 38° to 46° plantar-
flexion. In general, frontal plane motion permits 10° to
17° of eversion and 14° to 22° of inversion. Adduction
and abduction have different ranges in the transverse plane:
22° to 36° and 15° to 25°, respectively. Designing success-
ful treatment therapies and mobility-enhancing devices
requires a deep grasp of ankle biomechanics.

Activities that involve the abduction or adduction of
the foot, like tracing alphabet letters, are still incorpo-
rated into rehabilitation protocols, even though some
research indicates that the first two movements, plantar-
flexion and dorsiflexion, are crucial for proprioceptive
training and ankle rehabilitation.34

Throughout the whole ROM, the thorough engagement
of joints, tendons and muscles as a single unit is crucial
in ankle rehabilitation. Furthermore, all of the trajectories

necessary for rehabilitative activities can be performed
using 3-DOF rotations.

The objective of this work is to establish and validate a
standardised motion capture protocol capable of quantify-
ing three-dimensional ankle kinematics and characterising
its functional workspace.

The study is limited to kinematic workspace character-
isation and does not address the dynamic stability or the
neuromuscular control strategies of the ankle joint.

Materials and methods
This work was carried out part at the Intelligent Robotics
Lab and part at Biomechanics Laboratory of Swansea
University, with the participation of 34 healthy subjects:
(20 males and 14 females) according to a protocol approved
by the Ethics Committee of Swansea University with
Research Ethics Approval Number that is 1 2024 11492
10405. The subjects voluntarily participated in this study.
The inclusion criteria were the absence of diseases or injur-
ies that can affect the ankle movements and age between 20
and 65 years. Inclusion or exclusion criteria were not
imposed regarding height, weight or gender. Main charac-
teristics of the 34 subjects included in the testing campaign
are listed in Table 1.

Table 2 reports the maximum and minimum values for
each parameter associated with the subjects who took part
in the experimental campaign, highlighting the considerable
heterogeneity of the sample. This variability reflects the
deliberate inclusion of participants with diverse characteris-
tics, aimed at ensuring a representative and comprehensive
assessment of the investigated phenomena.

Figure 2 shows the experiment layout.
A VICON motion capture system,35 which offers accur-

ate tracking of the markers applied to the body, is used to
record the movement. The sampling frequency of this

Figure 1. Ankle movements along the three axes of rotation: (a) eversion and inversion; (b) dorsiflexion and plantarflexion;
(c) adduction and abduction.32
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system is 250 Hz. To precisely record the three-dimensional
locations of the markers, the VICON system uses 12 infra-
red cameras mounted on the walls of the laboratory in a
square configuration, two cameras per side, plus one at
each corner, so as to ensure full three-dimensional coverage
of the movement area, and sophisticated software (Nexus,
Figure 336), guaranteeing high-quality data for analysing
the ankle’s ROM and movement patterns.

After each acquisition, all markers were manually
labelled, as illustrated in Figure 3. Subsequently, the
recorded trajectories were post-processed to identify any
missing segments, which were then interpolated using the
Nexus software tools. This procedure ensured continuity
and accuracy in the reconstructed marker trajectories.
Once the labelling and gap-filling steps were completed,
the processed data were exported as .csv files for further
post-processing and quantitative analysis. This step allowed

for additional filtering, kinematic computation and the
extraction of relevant parameters in external software
environments.

A property configuration was developed for the implant-
ation of markers on the ankle in accordance with the Davis
et al. protocol,37 a well-known technique for documenting
human movement in biomechanical and kinematic research.
Specifically created for 3D motion capture systems, this
protocol developed a consistent mechanism for marker place-
ment during motion data collecting. Its main goal is to ensure
secure and accurate measurements by placing markers
according to anatomical features, especially the epiphyses
of bones. The motion capture system can track the object’s
3D location and orientation in space by placing several mar-
kers on the rigid body. This allows for a thorough investiga-
tion of the dynamics of the object’s movement.

Two markers were positioned at the femoral condyle
positions, four markers were placed in a rectangular pattern
on the shank, two markers were placed on the malleoli (one
on the tibia and one on the fibula), one marker was placed
on the heel, one on the first metatarsal, one on the second
metatarsal, one on the fifth metatarsal and four markers
were ultimately placed in a three-point star pattern on the
calcaneus. This for both the right and left leg. While the
three-point star pattern on the calcaneus was attached dir-
ectly to the foot through a hole formed in the shoe, the mar-
kers on the heel, first, second and fifth metatarsals were
placed directly on the shoe (as shown in the detailed view
in Figure 4).

The complete marker configuration is shown in Figure 5.
This configuration made it possible to precisely track

how the foot moved in relation to the shoe, guaranteeing
reliable data collection while preserving the footwear’s
integrity throughout the testing processes.

The markers were systematically grouped following the
schematic representation illustrated in Figure 6, which pro-
vides a clear overview of the adopted classification criteria
and their underlying rationale.

This configuration allowed for a clear definition of the
spatial relationships between the different segments and
facilitated the accurate tracking of movement during the
analysis. The grouping of markers into specific frames
enhances the precision of kinematic measurements and
ensures that each segment is tracked independently, allow-
ing for detailed analysis of joint behaviour and segmental
motion.

Table 1. Main characteristics of the volunteer subjects included
in the study.

Subject
Age
(years)

Weight
(kg)

Height
(m) Gender

Shoe
number
(EU)

1 36 79 1.64 F 39
2 23 75 1.67 M 41
3 27 68 1.67 M 40
4 27 100 1.80 M 46
5 26 85 1.53 F 40
6 22 75 1.76 M 40
7 25 46 1.53 F 37
8 32 65 1.70 F 39
9 30 82 1.64 F 37
10 31 79 1.72 F 40
11 23 64 1.75 M 43
12 34 72 1.70 M 40
13 46 88 1.72 M 42
14 38 72 1.73 M 43
15 20 60 1.73 F 41
16 23 60 1.60 M 42
17 38 82 1.75 M 43
18 32 95 1.70 F 40
19 35 55 1.60 F 36
20 25 83 1.82 M 43
21 36 57 1.60 F 36
22 30 73 1.72 M 42
23 30 47 1.68 F 39
24 34 81 1.73 M 42
25 33 75 1.81 M 44
26 25 50 1.55 F 37
27 27 63 1.65 M 40
28 45 80 1.68 F 39
29 40 64 1.55 M 41
30 35 88 1.88 M 47
31 63 85 1.67 F 40
32 25 70 1.78 M 42
33 29 85 1.81 M 43
34 34 91 1.88 M 44

Table 2. Summary of subjects’ characteristics.

Min Max

Age (years) 20 63
Weight (kg) 46 100
Height (m) 1.53 1.88
Shoe number (EU) 36 47
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After the subject had been instrumented with the set of
markers, they were seated on a stool positioned at the centre
of the calibrated capture volume defined by 12 cameras. This
setup allowed the leg to remain suspended, thereby enabling

the execution of the desired foot movements without obstruc-
tion. The subject’s leg was secured to the stool using a belt, in
order to minimise any unwanted leg motion and to ensure
that only the foot could move freely during the trials. Prior

Figure 2. Experimental layout.

Figure 3. Nexus software interface.36
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to the execution of each task, a short instructional video dem-
onstrating the specific movement sequence was shown to
each subject. This procedure was intended to facilitate the
correct performance of the motion and to guarantee consist-
ency and repeatability across all trials.

The protocol analysed is schematised as the following
steps:

- Task 1: repetition of 3 complete movements as plantar-
flexion and dorsiflexion

- Task 2: repetition of 3 complete movements as inver-
sion and eversion

- Task 3: repetition of 3 complete movements as adduc-
tion and abduction

These three tasks were performed for both the right and
left foot. Figure 7 shows snapshot of the three different
tasks for the left foot.

The UR model, shown in Figure 8,38 represents the kine-
matic model proposed for the human ankle. In this model,
the tibiotalar joint corresponds to the U-pair, while the sub-
talar joint corresponds to the R-pair. The size of the human
talus is defined as the distance between the geometric cen-
tres of the U-pair and the R-pair.

To enable a comprehensive analysis of all ankle move-
ments, a dedicated configuration of markers was proposed.
This setting was intended to facilitate the interpretation of
the experimental data and to ensure consistency across the
different measurement conditions. The markers on the
shank were grouped to form a rectangular frame, the mar-
kers on the shoe were grouped to define the shoe frame,
the markers on the calcaneus were used to define the foot
frame and the markers on the femoral condyles were

connected to form a directional axis (dir1), as were the mar-
kers on the malleoli (dir2).

For every frame, a local reference system was estab-
lished (shown in Figure 9), enabling further comparisons
in both translational and rotational components: The four
markers on the shank were used to create the S Frame, three
of the four markers on the foot were used to define the F
Frame, and three of the four markers on the shoe were
used to create the M Frame.

All raw motion capture data were processed using
MATLAB39 software with a recursive Kalman filter to
minimise measurement noise and ensure smooth recon-
struction of three-dimensional positions. This approach
ensured smooth and accurate angular profiles, preserving
the dynamic characteristics of the movement. The filtered
data were linearly interpolated in 1000 points and subse-
quently time-normalised on a scale from 0 to 100 for
each trial (equation (1)). This normalisation procedure
facilitated direct comparisons across subjects and move-
ment types.

tnorm = t − tmin
tmax − tmin

· 100 (1)

Angular displacements of the ankle joint were com-
puted from the relative orientations of the local reference
frames defined for the shank, foot and shoe. For each
movement type: dorsiflexion/plantarflexion, inversion/
eversion and adduction/abduction, the principal rotation
component was identified according to the anatomical
plane of motion. The secondary angular components
were also analysed to assess coupling effects across axes.

For each frame (S, F and M), the corresponding markers
were identified in order to construct the respective local ref-
erence systems. Once the three local coordinate systems had
been established, the rotation matrix of each local frame
with respect to the global reference system of the motion
capture setup was computed (equations (2) and (3)).

Ri =
ux vx wx

uy vy wy

uz vz wz

⎡
⎣

⎤
⎦, i = S, F, M (2)

Ri = Rx Ry Rz, i = S, F, M (3)

By decomposing the resulting rotation matrix R, the suc-
cessive rotations around the x, y and z axes were obtained,
following the chosen rotation sequence (equations
(4)–(9)).40

Rx =
1 0 0
0 cosθx −sinθx
0 sinθx cosθx

⎡
⎣

⎤
⎦ (4)

Ry =
cosθy 0 sinθy
0 1 0

−sinθy 0 cosθy

⎡
⎣

⎤
⎦ (5)

Figure 4. Detail of the three-point calcaneal marker cluster
inserted through a shoe aperture, ensuring direct skin contact for
accurate tracking of foot motion relative to the shoe.
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Rz =
cosθz −sinθz 0
sinθz cosθz 0
0 0 1

⎡
⎣

⎤
⎦ (6)

Pitch = arctg
R32

R33

( )
(7)

Roll = arctg
R21

R11

( )
(8)

Yaw = arctg
−R31�����������
R2
32 + R2

33

√
( )

(9)

After determining the rotation angles of each local
coordinate system, together with the corresponding origins,
the relative rotations between the segments could be
computed.

In particular, the ankle rotation angle was calculated as
the relative rotation between the shank frame (Frame S)
and the foot frame (Frame F). This approach allows for a
precise quantification of the joint kinematics, providing a
clear description of how the foot moves with respect to
the shank within the global coordinate framework.

For each subject and trial, the ROM in terms of Pitch,
Roll and Yaw, were computed as the differences between

the corresponding angular components of the two reference
frames. In other words, each rotational degree of freedom
was expressed in terms of the relative orientation between

Figure 6. Schematic representation of the rigid bodies of the
marker sets as visualised in Nexus software.

Figure 5. Markers setup of the shank and foot.
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the two local coordinate systems. Once the angular values
for each task had been computed, they were subsequently
compared across trials in order to determine the mean and
standard deviation.

The mean value of each angular variable was calculated
according to the following expression (equation (10)):

�x = 1

1000

∑1000
i=1

xi, i = 1, . . . , 1000 (10)

Similarly, the standard deviation was computed as
(equation (11)):

σ =
�������������������������������������������
1

n− 1

∑n
i=1

(xi − �x)2, i = 1, . . . , 1000

√
(11)

These statistical measures were used to quantify the
average behaviour of the angular displacement across trials
and to evaluate the variability of the movement among
repeated acquisitions. For each task, and for Pitch, Roll
and Yaw, the following parameters were subsequently com-
puted (equations (12)–(16)):

anglemax = max (anglei) , i = 1, . . . , 1000 (12)

anglemin = min (anglei) , i = 1, . . . , 1000 (13)

angle mean pick = 1

34

∑34
k=1

max (anglei) , i

= 1, . . . , 1000, k = 1, . . . , 34 (14)

angle mean valley = 1

34

∑34
k=1

min(anglei) , i

= 1, . . . , 1000, k

= 1, . . . , 34 (15)

angle range mean = 1

34

∑34
k=1

[max (anglei)−min(anglei)] , i

= 1, . . . , 1000, k = 1, . . . , 34

(16)

Finally, the relative displacement between the foot
(Frame F) and the shoe (Frame M) was computed as the
absolute value of the translational differences between the

Figure 8. Schematic kinematic model of the ankle.38

Figure 7. Snapshot of the three different tasks during the maximum range of motion for each movement of left foot: (a) dorsiflexion,
(b) plantarflexion, (c) inversion, (d) eversion, (e) adduction, (f) abduction.
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corresponding local frames for each point (equation (17)).

dist =
��������������������������������������������
(Mx − Fx)

2 + (My − Fy)
2 + (Mz − Fz)

2
√

(17)

The mean, maximum and minimum values of this slip
were extracted for each movement type and aggregated
across subjects to evaluate the overall consistency and mag-
nitude of the foot–shoe interaction.

Figure 10 shows the flowchart of the proposed procedure
for data collection. In Section 1, subject setup, the system
calibration is performed, followed by the reading and sign-
ing of the informed consent form, and the placement of the
reflective markers on the anatomical landmarks. In Section
2, task performance, for each of the different tasks, a refer-
ence video demonstrating the desired performance is first
shown to the participant. The subject then performs the
task, and the acquired data are immediately checked for
plausibility. If the recording is deemed unreliable, the task
is repeated; otherwise, the data are saved for further pro-
cessing. In Section 3, post processing, the markers are
labelled and in cases of incomplete trajectories, a filling
or reconstruction procedure is applied to ensure signal con-
tinuity, and the processed data are then exported in .csv for-
mat. Subsequently the data are filtered using a Kalman
filter, interpolated to 1000 points to enable inter-trial com-
parison, and normalised to a [0–100] scale to ensure uni-
formity across traces. Finally, a statistical analysis is
performed on the normalised datasets.

Results
The data obtained from the recordings were segmented
according to the specific movement performed and subse-
quently analysed individually. Ankle movements are inher-
ently complex, as they involve combined rotations
occurring simultaneously across multiple axes. Although
each motion is primarily oriented along one of the principal

anatomical axes, secondary rotations around the remaining
axes are also observed, as clearly illustrated in the corre-
sponding plots.

Since each movement is examined independently, the
analysis focuses on the principal component associated
with the primary motion, in order to quantify the effective
ROM for each case.

The first movement analysed corresponds to dorsiflexion
and plantarflexion (Figure 11). For each test performed, the
traces of the pitch, roll and yaw angles are presented separ-
ately, together with the corresponding mean values com-
puted across trials.

Finally, a summary diagram is provided, reporting the
mean values of all three angular components (±one stand-
ard deviation), along with the respective individual traces
obtained from the 34 participants.

This representation enables a comprehensive visualisa-
tion of inter-subject variability and highlights the consist-
ency of the observed kinematic patterns across the sample.

The sign of the measured angles was defined according
to the direction of motion and the adopted reference frame.
Positive pitch values correspond to dorsiflexion and nega-
tive values to plantarflexion. For the secondary motions,
positive roll values were mainly associated with plantarflex-
ion and negative values with dorsiflexion, whereas positive
yaw values corresponded primarily to dorsiflexion and
negative values to plantarflexion. For the pitch angle, the
maximum value observed is 54.6°, whereas the minimum
reached −51.9°. The peak points, corresponding to the
dorsiflexion phase, exhibited a mean value of 26.7°, while
the valley points, related to the plantarflexion phase, pre-
sented a mean value of −32.4°. The average amplitude of
the signal, expressing the mean angular excursion through-
out the movement cycles, is 59.1°. For the roll angle, the
maximum value observed is 21.7°, whereas the minimum
reached−20.3°. The peak points, corresponding to the plan-
tarflexion phase, exhibited a mean value of 9.4°, while the

Figure 9. Local reference system for the S frame, F frame and M frame.
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valley points, related to the dorsiflexion phase, presented a
mean value of −8.6°. The average amplitude of the signal,
expressing the mean angular excursion throughout the
movement cycles, is 18.0°. For the pitch angle, the max-
imum value observed is 17.8°, whereas the minimum
reached −16.9°. The peak points, corresponding to the
dorsiflexion phase, exhibited a mean value of 7.6°, while
the valley points, related to the plantarflexion phase,

presented a mean value of −6.1°. The average amplitude
of the signal, expressing the mean angular excursion
throughout the movement cycles, is 13.6°.

Table 3 reports the main significant value of pitch, roll
and yaw during dorsiflexion/plantarflexion movements.

Dorsiflexion and plantarflexion showed the largest angu-
lar excursions, confirming the dominant role of sagittal-
plane motion. Low intra-subject variability across repeated

Figure 10. Flowchart of the proposed procedure.

10 International Journal of Advanced Robotic Systems



Figure 11. Dorsiflexion and plantarflexion movements of 34 subjects: (a) pitch angle and mean; (b) roll angle and mean; (c) yaw angle
and mean; (d) pitch, roll and yaw angles together and mean ± one standard deviation.

Mastrangelo et al. 11



trials demonstrates strong repeatability, while inter-subject
differences reflect natural anatomical and neuromuscular
variability. The presence of secondary roll and yaw compo-
nents, despite the intended uniplanar task, highlights intrin-
sic joint coupling and supports the need for
three-dimensional kinematic analysis.

The second movement analysed corresponds to inver-
sion and eversion of the ankle (Figure 12). As with the pre-
vious case, this motion was examined by isolating the
relevant data segments and processing them individually.
Inversion–eversion movements are also characterised by a
complex multi-axial behaviour, where the predominant
rotation occurs around the mediolateral axis but is accom-
panied by secondary components along the other two
axes. This coupling effect is evident in the plotted angular
traces, which reveal minor but consistent cross-axis
interactions.

The analysis therefore focused on the principal compo-
nent associated with the inversion–eversion axis, in order
to determine the effective ROM and evaluate the extent of
inter-subject variability. For each test performed, the pitch,
roll and yaw angles were considered separately, and the
mean trace for each angle was computed across repetitions.

A summary chart reports the mean angular values (±one
standard deviation) of the three components, together with
the individual traces obtained from all 34 subjects.

Positive roll values correspond to eversion and negative
values to inversion. For the secondary motions, positive
pitch values were mainly associated with eversion and
negative values with inversion; positive yaw values corre-
sponded primarily to eversion and negative values to inver-
sion. For the pitch angle, the maximum value observed is
46.5°, whereas the minimum reached −24.7°. The peak
points, corresponding to the eversion phase, exhibited a
mean value of 20.6°, while the valley points, related to
the inversion phase, presented a mean value of −6.5°.
The average amplitude of the signal, expressing the mean
angular excursion throughout the movement cycles, is
27.0°. For the roll angle, the maximum value observed is
36.4°, whereas the minimum reached −54.0°. The peak
points, corresponding to the eversion phase, exhibited a
mean value of 18.0°, while the valley points, related to
the inversion phase, presented a mean value of −19.4°.
The average amplitude of the signal, expressing the mean

angular excursion throughout the movement cycles, is
37.4°. For the pitch angle, the maximum value observed
is 28.7°, whereas the minimum reached −31.8°. The peak
points, corresponding to the eversion phase, exhibited a
mean value of 16.5°, while the valley points, related to
the inversion phase, presented a mean value of −18.2°.
The average amplitude of the signal, expressing the mean
angular excursion throughout the movement cycles, is
34.7°.

Table 4 reports the main significant value of pitch, roll
and yaw during inversion/eversion movements.

Inversion and eversion exhibited strong coupling
between roll and yaw components, making these move-
ments difficult to isolate. Subjects consistently engaged
multiple rotational axes even during single-plane tasks, as
expected from subtalar joint geometry and muscular stabil-
isation. The consistency of these patterns across subjects
confirms that the protocol captures physiological joint
behaviour rather than measurement artefacts.

The final movement analysed corresponds to adduction
and abduction of the ankle (Figure 13). As with the previous
movements, the data were segmented according to the spe-
cific motion and analysed individually for each participant.
Adduction–abduction involves primary rotation around the
vertical axis, while minor rotations along the sagittal and
frontal planes are also present, reflecting the intrinsic multi-
axial nature of ankle kinematics. These secondary compo-
nents are clearly observable in the angular traces provided.

The analysis concentrated on the principal component
corresponding to the adduction–abduction axis in order to
quantify the ROM for each subject. For each trial, the pitch,
roll and yaw angles were extracted and analysed separately,
and the mean trace for each angle was computed across
repetitions.

A summary diagram presents the mean angular values
(±one standard deviation) for all three components, along
with the individual traces of the 34 participants.

Positive yaw values correspond to abduction and negative
values to adduction. For the secondary motions, positive
pitch values were mainly associated with abduction and
negative values with adduction; positive roll values corre-
sponded primarily to abduction and negative values to
adduction. For the pitch angle, the maximum value observed
is 26.9°, whereas the minimum reached −18.6°. The peak
points, corresponding to the abduction phase, exhibited a
mean value of 13.2°, while the valley points, related to the
adduction phase, presented a mean value of −6.6°. The aver-
age amplitude of the signal, expressing the mean angular
excursion throughout the movement cycles, is 19.7°. For
the roll angle, the maximum value observed is 38.1°, whereas
the minimum reached −39.3°. The peak points, correspond-
ing to the abduction phase, exhibited a mean value of 19.3°,
while the valley points, related to the adduction phase, pre-
sented a mean value of −21.8°. The average amplitude of
the signal, expressing the mean angular excursion throughout

Table 3. Main significant value of pitch, roll and yaw during
dorsiflexion/plantarflexion movements.

Pitch [deg] Roll [deg] Yaw [deg]

Max 54.6 21.7 17.8
Min −51.9 −20.3 −16.9
Mean pick 26.7 9.4 7.6
Mean valley −32.4 −8.6 −6.1
Range mean 59.1 18.0 13.6
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Figure 12. Inversion and eversion movements of 34 subjects: (a) pitch angle and mean; (b) roll angle and mean; (c) yaw angle and
mean; (d) pitch, roll and yaw angles together and mean ± one standard deviation.
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the movement cycles, is 41.1°. For the pitch angle, the max-
imum value observed is 31.7°, whereas the minimum
reached −24.7°. The peak points, corresponding to the
abduction phase, exhibited a mean value of 13.1°, while
the valley points, related to the adduction phase, presented
a mean value of −15.2°. The average amplitude of the signal,
expressing the mean angular excursion throughout the move-
ment cycles, is 28.3°.

Table 5 reports the main significant value of pitch, roll
and yaw during adduction/abduction movement.

Adduction and abduction further confirmed the multi-
axis nature of ankle motion. Although yaw was dominant,
consistent pitch and roll contributions were observed, indi-
cating compensatory adjustments in the sagittal and frontal
planes. These coupled rotations provide a more complete
representation of ankle kinematics and support the use of
the extracted trajectories in control-oriented applications.

An additional analysis focused on the relative movement
between the participants’ feet and the footwear (Figure 14).
For all types of ankle movements, the absolute value of this
slip was calculated, and the mean value across all repeti-
tions was determined for each subject. The corresponding
plots illustrate the individual traces of all 34 participants,
along with the mean values and the observed ranges, includ-
ing the maximum and minimum values recorded during the
execution of each movement.

Furthermore, a comprehensive summary chart was gener-
ated to include all slip measurements across the three analysed
movements. In this chart, the overall mean, as well as the max-
imum and minimum values recorded throughout the entire
duration of the exercises, are reported. This analysis provides
a quantitative assessment of the foot–shoe interface behaviour,
highlighting inter-subject variability and the potential implica-
tions for movement accuracy and footwear design.

Although distance is, by definition, a positive quantity,
in the previous figures the pattern of foot–shoe slip was
represented after being shifted relative to the initial position,
in order to provide a clearer visualisation of the relative dis-
placement throughout the movement and to facilitate com-
parison across trials.

During the dorsiflexion and plantarflexion movement,
the maximum relative displacement between the foot and
the shoe reached 7.4 mm, while the minimum displacement
was −4.7 mm. The mean displacement exhibited a max-
imum value of 0.6 mm and a minimum value of −0.4 mm.

During the inversion and eversion movement, the max-
imum relative displacement between the foot and the shoe
reached 3.2 mm, while the minimum displacement was
−4.7 mm. The mean displacement exhibited a maximum
value of 0.4 mm and a minimum value of −0.7 mm.

During the adduction and abduction movement, the
maximum relative displacement between the foot and the
shoe reached 4.6 mm, while the minimum displacement
was −4.0 mm. The mean displacement exhibited a max-
imum value of 0.3 mm and a minimum value of −0.8 mm.

During all the movements, the maximum relative dis-
placement between the foot and the shoe reached 7.4 mm,
while the minimum displacement was −4.7 mm. The
mean displacement exhibited a maximum value of
0.2 mm and a minimum value of −0.5 mm.

Table 6 reports the main significant value of slip between
foot and shoe during all the movements.

Clear separation between low intra-subject variability
and higher inter-subject variability demonstrates that the
protocol yields stable, repeatable measurements while pre-
serving physiological diversity. This distinction is particu-
larly relevant for rehabilitation and assistive systems that
require robust yet user-adaptive reference trajectories.

These results collectively validate the robustness of the
proposed protocol and provide the basis for interpreting
functional ankle mobility in a reproducible three-
dimensional framework.

Discussion
The present work provides an extensive characterisation of
ankle kinematics through a standardised, reproducible
protocol that combines high-resolution motion capture
data with a clear anatomical and mechanical interpretation
of joint behaviour. The findings confirm that the ankle joint
exhibits inherently coupled motion patterns, where rota-
tions along the primary axes are consistently accompanied
by secondary angular displacements. This observation
underscores the inadequacy of simplified planar analyses
and highlights the importance of adopting three-
dimensional, multi-axis approaches when quantifying
human joint motion.

From a methodological standpoint, the adoption of a
standardised marker configuration, uniform filtering and
identical movement protocols across all participants ensures
reproducibility and cross-laboratory comparability. This
standardisation is one of the key outcomes of the work,
addressing a significant gap in current ankle biomechanics
research, where heterogeneous acquisition and processing
methods often hinder meta-analysis and clinical translation.

The proposed methodology allowed a detailed examin-
ation of dorsiflexion/plantarflexion, inversion/eversion and
adduction/abduction movements, revealing consistent intra-
subject patterns and variable inter-subject responses. Such
variability, which arises from natural anatomical

Table 4. Main significant value of pitch, roll and yaw during
inversion/eversion movements.

Pitch [deg] Roll [deg] Yaw [deg]

Max 46.5 36.4 28.7
Min −24.7 −54.0 −31.8
Mean pick 20.6 18.0 16.5
Mean valley −6.5 −19.4 −18.2
Range mean 27.0 37.4 34.7
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Figure 13. Adduction and abduction movements of 34 subjects: (a) pitch angle and mean; (b) roll angle and mean; (c) yaw angle and
mean; (d) pitch, roll and yaw angles together and mean ± one standard deviation.
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differences, including joint laxity, tendon stiffness and mus-
cle coordination, represents a realistic depiction of the
population’s biomechanical diversity. Establishing this nor-
mative variability is fundamental for future comparative
studies involving pathological conditions such as chronic
ankle instability, arthritis or post-surgical rehabilitation.

As shown in Figure 11, dorsiflexion and plantarflexion
represent the most prominent movements of the ankle.
Indeed, the ROM along the pitch axis is significantly larger
than that of roll and yaw during these movements. This indi-
cates that the primary movement occurs predominantly in
the sagittal plane. However, secondary rotations along the
roll and yaw axes are also present, though with much smal-
ler amplitudes, suggesting subtle coupled motions in other
planes. This reflects the natural multi-axial behaviour of
the ankle joint, even during what is largely a uniplanar
movement. The pitch angle exhibits maximum and min-
imum values of approximately 54.6° (dorsiflexion) and
−51.9° (plantarflexion), respectively, although the values
reported in the literature41–43 typically indicate approxi-
mately 40°–50° for plantarflexion and 20°–30° for dorsi-
flexion, this discrepancy can be justified by considering
that, during task execution, participants did not all begin
from an identical starting position, nor did they necessarily
return to the same initial position upon completion. Such
variations in initial and final joint positioning may have
influenced the recorded ROM, accounting for the observed
differences from reference values. The mean peak and mean
valley values for pitch, 26.7° and −32.4° suggest a slight
asymmetry, with greater plantarflexion than dorsiflexion,
which reflects the natural predominance of plantarflexion,
in agreement with data reported in the literature.41–43

Range mean value represents the average ROM and is, as
expected, greater in pitch, 59.1°.

Inversion and eversion appear to be the most challenging
single-axis movements to perform in isolation. Figure 12
clearly shows that all three angular components, pitch,
roll and yaw, are involved. Notably, roll and yaw exhibit
very similar patterns and almost overlap, indicating coupled
rotations in the frontal and transverse planes. The pitch
angle shows positive values near the end of both move-
ments. This can be explained biomechanically: while
attempting to rotate the foot along axes parallel to the floor,
the toes are slightly lifted, producing an observable change

in the sagittal plane. This highlights the difficulty of achiev-
ing a “pure” inversion or eversion without secondary
motions. Although the maximum 36.4° (inversion) and
minimum −54.0° (eversion) values are considerably higher
than those reported in the literature,41–43 it should be noted
that not all participants started and finished the task at the
same point. Given that the movement was performed freely,
the mean peak 18.0° and the mean valley −19.4° values fall
within a range of approximately 35°, data reported in litera-
ture41–43 and the average ROM, 37.4°, which is very similar
to that of yaw, since, as previously noted, it is difficult to
perform inversion and eversion movements without simul-
taneously inducing a similar rotation around the vertical
axis.

Similarly, during adduction and abduction, roll and yaw
display very similar trends, suggesting that these move-
ments also involve coupled rotations in multiple planes
(Figure 13). The pitch angle assumes positive values at
the end of abduction (movement outward) and negative
values at the end of adduction (movement inward). This
pattern indicates that even in what is intended as a primarily
transverse-plane movement, there is a consistent sagittal-
plane contribution, likely due to the anatomy of the ankle
and the need to stabilise the foot during the motion. The
yaw angle exhibits maximum and minimum values of
approximately 31.7° (adduction) and −24.7° (abduction),
respectively, mean pick 13.1° and mean valley −15.2°
and range mean 28.3° that are aligner to the range of
approximately 30° reported in literature.41–43

Overall, these data demonstrate that ankle movements
are rarely truly isolated to a single axis. Even in movements
that are conceptually uniplanar, small but measurable sec-
ondary rotations occur along the other axes. These second-
ary rotations may reflect the complex geometry of the ankle
joint, neuromuscular control strategies or biomechanical
constraints of the foot and leg. Understanding these coupled
motions is important for biomechanical modelling, clinical
assessment and rehabilitation planning.

Another particularly relevant contribution of this work is
the quantitative assessment of the relative displacement
between the foot and the shoe (Figure 14). While most kine-
matic studies assume rigid coupling between these ele-
ments, our results demonstrate measurable slip values that
vary across movement types. This decoupling can signifi-
cantly affect the interpretation of joint kinematics, espe-
cially in experimental setups where markers are mounted
on the shoe rather than directly on the skin.
Understanding this relative motion is essential not only
for improving data accuracy but also for optimising foot-
wear design, orthotic devices and exoskeleton interfaces.
The slip behaviour may also serve as an indicator of
dynamic stability, grip efficiency and subject comfort dur-
ing functional movements. From the presented data, it can
be observed that the maximum and minimum relative dis-
placement between the foot and the shoe occurs during

Table 5. Main significant value of pitch, roll and yaw during
adduction/abduction movements.

Pitch [deg] Roll [deg] Yaw [deg]

Max 26.9 38.1 31.7
Min −18.6 −39.3 −24.7
Mean pick 13.2 19.3 13.1
Mean valley −6.6 −21.8 −15.2
Range mean 19.7 41.1 28.3

16 International Journal of Advanced Robotic Systems



Figure 14. Magnitude of the slip between the foot and the shoe of 34 subjects: (a) dorsiflexion/plantarflexion movements;
(b) inversion/eversion movements; (c) adduction/abduction movements; (d) sum of all the three movements.
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dorsiflexion and plantarflexion, 7.4 mm and −4.7 mm
respectively, which, as previously discussed, represent the
most prominent movements of the ankle. Despite being
the largest ankle motion, the displacement remains rela-
tively small, on the order of millimetres. This indicates
that the shoe used maintained a sufficiently snug fit on the
subject’s foot, minimising slippage during movement.
From the graphical tracking of the maximum and minimum
values, a certain regularity can be observed in the repetition
of the three movements for each task, indicating that the
maximum displacement occurs precisely at the point of
movement reversal.

These observations are important for interpreting the
kinematic data, as they confirm that the measured ankle
rotations primarily reflect the motion of the foot itself rather
than relative motion between the foot and the footwear.
Maintaining minimal foot–shoe displacement is crucial in
biomechanical experiments to ensure accurate capture of
true joint kinematics. Furthermore, the small magnitude of
slippage observed suggests that the footwear provided con-
sistent mechanical coupling to the foot, which is essential
for reliable motion analysis and for reducing potential arte-
facts in the recorded angular data.

The experimental setup, based on independent local ref-
erence frames (shank, foot and shoe), minimised soft-tissue
artefacts and allowed an accurate representation of inter-
segmental motion. The use of the UR kinematic model,
representing the tibiotalar and subtalar joints, proved effect-
ive in describing the complex rotational coupling mechan-
isms that govern ankle movement. Furthermore, the
approach supports a modular interpretation of the ankle as
a multi-joint system, which is beneficial for both biomech-
anical analysis and the design of mechatronic rehabilitation
systems.

From a clinical perspective, the proposed standardised
framework provides a valuable tool for the quantitative
assessment of ankle joint function. By capturing precise
three-dimensional kinematic data, it enables clinicians
to identify functional impairments, asymmetries or compen-
satory movement patterns that may not be evident through
visual observation alone. The ability to compute individua-
lised ROM, variability and coupling effects across

movement planes offers a robust basis for monitoring
rehabilitation progress and tailoring interventions to each
patient’s biomechanical profile. This approach supports
the development of evidence-based, patient-specific
rehabilitation strategies and could serve as a reference for
establishing normative datasets in both healthy and patho-
logical populations.

From a control perspective, the standardised three-
dimensional ankle kinematic data generated by the pro-
posed protocol are directly applicable to modern position
tracking control schemes used in rehabilitation robotics.

Compared with existing ankle kinematics studies, the
present work introduces several novel elements.
Traditional biomechanical investigations primarily report
ROM values along individual anatomical planes or focus
on gait-related movements, often using heterogeneous
marker configurations and processing pipelines. While
these approaches provide valuable descriptive data, they
limit reproducibility and cross-study comparison. In con-
trast, the proposed protocol establishes a standardised
marker configuration and local reference frame definition
that enable consistent three-dimensional kinematic recon-
struction across subjects and laboratories.

Although a formal closed-loop stability analysis is beyond
the scope of this experimental study, stability-related proper-
ties can be assessed from a kinematic perspective. The
extracted ankle trajectories are smooth, bounded and highly
repeatable, with low intra-subject variability and physiolo-
gically bounded inter-subject differences, supporting their
suitability as stable reference inputs for robust trajectory
and position tracking control frameworks.

The present work is limited to kinematic analysis and
does not include dynamic modelling or estimation of joint
torques. Torque computation requires subject-specific iner-
tial properties, muscle-tendon dynamics and external loads,
which are beyond the scope of the proposed protocol.
Nevertheless, the standardised three-dimensional kinematic
trajectories obtained here provide suitable reference inputs
for future inverse dynamics analyses and torque- or
impedance-controlled rehabilitation systems.

This work focuses on isolated ankle movements under
controlled conditions and therefore does not address long-
term effects of repetitive motion or fatigue.
Comprehensive gait analysis and collision avoidance are
also beyond the scope of this work, as they require dynamic,
task-dependent models involving whole-body coordination,
ground interaction and environmental sensing. Future work
will extend the proposed kinematic framework to gait and
dynamic scenarios to investigate long-term motion behav-
iour and collision-aware control strategies.

In this work, uncertainties arise mainly from measure-
ment noise, marker placement variability in different sub-
jects and subject-specific anatomy, whose effects are
addressed through experimental design, signal processing
and repeatability analysis rather than explicit control

Table 6. Main significant value of slip between foot and shoe
during all the movements.

Dorsiflexion/
plantarflexion
slip [mm]

Inversion/
eversion
slip [mm]

Adduction/
abduction
slip [mm]

All
movements
slip [mm]

Max 7.4 3.2 4.6 7.4
Min −4.7 −4.7 −4.0 −4.7
Mean

max
0.6 0.4 0.3 0.2

Mean
min

−0.4 −0.7 −0.8 −0.5
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compensation. The low intra-subject variability and consist-
ent secondary rotational patterns across trials indicate that
these disturbances have a limited and bounded effect on
the extracted kinematics, while inter-subject variability
reflects true physiological differences. These results demon-
strate that the proposed protocol produces smooth, repeat-
able trajectories that are inherently robust to experimental
uncertainties and suitable for control-oriented applications.

In the context of intelligent rehabilitation robotics, the
standardised motion capture data generated through this
protocol can serve as a foundation for data-driven model-
ling and control. The availability of consistent, high-quality
kinematic datasets allows for the training of artificial intel-
ligence algorithms capable of recognising movement pat-
terns, detecting abnormalities and adapting therapeutic
assistance in real time. Integrating this framework into
robotic platforms or wearable devices could facilitate adap-
tive control strategies that respond dynamically to the user’s
motion, improving safety, comfort and efficacy during
rehabilitation exercises. Ultimately, the combination of
standardised experimental biomechanics and AI-based ana-
lysis paves the way for next-generation personalised
rehabilitation systems.

Conclusion
This work introduced and validated a comprehensive, stan-
dardised protocol for the three-dimensional evaluation of
ankle kinematics using a high-resolution motion capture sys-
tem. The experimental campaign conducted on 34 healthy
participants demonstrated the reliability of the proposed
methodology in capturing the full range of ankle motion
across sagittal, frontal and transverse planes confirming the
robustness of the proposed measurement and data processing
framework. The ankle joint exhibited the greatest mobility in
the frontal plane, with a maximum pitch angle of 106.5°,
while maximum roll and yaw angles reached 90.4° and
60.5°, respectively. Dorsiflexion and plantarflexion were
dominated by pitch motion, with an average range of 59.1°
in pitch compared to 18.0° in roll and 13.6° in yaw.
Inversion and eversion showed a more evenly distributed
motion pattern, with average angular displacements ranging
between 27.0° and 37.4° across pitch, roll and yaw axes.
Abduction and adduction were primarily characterised by
roll motion, averaging 41.1° in roll, 28.3° in yaw and 19.7°
in pitch. The results, moreover, confirmed that even during
isolated movements, the ankle exhibits complex multi-planar
behaviour, emphasising the interdependence of its anatom-
ical structures. The smooth and continuous ankle trajectories
extracted from the proposed protocol illustrate that the gener-
ated kinematic profiles are well suited for robust trajectory
and position tracking strategies. The time-normalised and
noise-filtered angular trajectories provide reliable reference
signals that can be directly employed in advanced control fra-
meworks, where accurate and repeatable joint motion

profiles are essential to ensure stability, tracking precision
and user safety. The stability-related properties of the gener-
ated trajectories, including smoothness, boundedness and
repeatability, further support their suitability for stable and
robust trajectory tracking applications in rehabilitation and
assistive robotic systems.

The protocol’s strength lies in its capacity to isolate and
analyse primary and secondary motion components while
maintaining consistency through precise marker placement
and local reference frame construction. The observed con-
sistency of the primary motion components, together with
the quantification of secondary coupled rotations, supports
the use of these trajectories in control schemes designed
to handle multi-axis motion and anatomical variability.
The inclusion of the foot–shoe slip analysis represents an
innovative element that broadens the biomechanical under-
standing of the ankle–foot interface and provides valuable
insights for footwear design and exoskeleton alignment.

Beyond its immediate biomechanical relevance, the
work establishes a methodological benchmark that can
facilitate standardised data acquisition across laboratories
and research centres. Such reproducibility is critical for
developing shared databases, validating computational
models and ensuring consistent metrics for clinical diagno-
sis and rehabilitation monitoring. By providing standar-
dised, high-quality three-dimensional motion data, this
framework bridges experimental biomechanics and modern
control-oriented rehabilitation technologies.

Future work will extend this protocol to pathological
populations and dynamic conditions, integrating kinetic
and electromyographic data to characterise the neurome-
chanical control of the ankle. Investigation of correlations
between ankle joint movements or foot–shoe slip and par-
ticipant characteristics (age, gender, height, body mass)
will also be addressed in a separate, dedicated study. The
combination of standardised experimental data and
advanced computational tools, including AI-driven pattern
recognition, holds promise for creating predictive models
capable of supporting personalised rehabilitation and adap-
tive assistance in wearable robotic systems.

In conclusion, the proposed framework represents a sig-
nificant step toward the harmonisation of ankle motion ana-
lysis methods, bridging the gap between experimental
biomechanics, clinical practice and the design of intelligent
assistive devices.
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