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Abstract

Background: The integration of advanced 3D scanning and additive manufacturing tech-
nologies in stroke rehabilitation offers promising advancements in the design and produc-
tion of ankle-foot orthoses. These technological innovations are progressively recognized
for their potential to provide more precise and customized orthotic solutions for individ-
uals with stroke-related impairments. Objectives: The primary aim of this study was to
biomechanically test and validate the effectiveness of custom ankle-foot orthoses produced
through additive manufacturing technology using data captured by a novel photogrammet-
ric scanning system. The customized orthosis was compared with a standard prefabricated
orthosis to assess their relative effectiveness in improving gait dynamics and patient sat-
isfaction in stroke rehabilitation. Methods: Participants with equinovarus deformity, a
common consequence of stroke, were fitted with custom ankle-foot orthoses, alongside
conventional prefabricated orthoses. The study utilized the Qualisys® motion analysis
system for comprehensive biomechanical gait analysis, and the QUEST questionnaire was
employed to capture participant feedback on both types of orthoses. Detailed comparisons
of gait dynamics were conducted using Statistical Parametric Mapping with each orthosis.
Results: The study revealed notable kinematic and kinetic differences between the custom
and prefabricated orthoses. The custom orthoses demonstrated superior performance in
enhancing gait efficiency, symmetry, and safety. Patient feedback favored the customized
orthoses over the prefabricated variants, with higher scores in comfort, fit, and overall
effectiveness. Conclusions: This research underscores the effectiveness of custom orthoses
produced through additive manufacturing technology for stroke rehabilitation. By offer-
ing a comprehensive evaluation of orthotic interventions and establishing a comparative
framework, the study serves as a reference point for future research, advocating for a more
personalized and evidence-based approach in orthotic design for improving the quality of
life of stroke survivors.

Keywords: kinematics; kinetics; gait profile score; spatiotemporal; stroke; 3D scanner;
additive manufacturing; QUEST
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1. Introduction
Rehabilitation plays a crucial role in helping individuals regain mobility and enhance

their quality of life after debilitating health events, particularly in the context of stroke
patients with significant motor impairments [1]. It has been demonstrated that the use of
ankle-foot orthoses (AFOs) can profoundly improve walking patterns, offering stability and
preventing equinovarus foot in stroke survivors [1,2]. Studies have evaluated the effects of
AFOs on balance, walking, energy expenditure, and gait performance in stroke patients,
demonstrating their potential therapeutic effect in the recovery phase [3–9]. Additionally,
different AFO designs have been compared, highlighting their clinical efficacy in subjects
with foot drop after stroke [10]. Case reports and feasibility studies have also explored novel
AFO designs and their impact on gait changes in hemiplegic patients [11,12]. However, it
is essential to consider the long-term usage and patient-specific customization of AFOs to
ensure their acceptability and effectiveness in stroke rehabilitation [1,2].

Over time, the realm of rehabilitation has witnessed an evolution in the techniques
and applications associated with AFOs. Traditionally, these orthoses were crafted through
methods that relied extensively on the skills and expertise of orthotists-prosthetists. While
these methods were functional, they sometimes fell short in terms of customization due to
the limitations inherent in these processes. These traditional methods were time-consuming
and occasionally resulted in discomfort for the patients [13]. Still, this handmade AFOs also
had its advantages. One of the primary benefits is the in-depth understanding it provided of
each patient’s specific requirements, ensuring a highly personalized and tailored approach
to treatment. Furthermore, the materials used in crafting these orthoses are selected based
on years of experience and consideration, ensuring that the final products are not only
functional, but also long-lasting [14].

With technological advancements, the potential for achieving higher levels of precision
and customization in AFO production has become increasingly greater. The manufacturing
of AFOs has undergone significant transformations, particularly with the integration of
additive manufacturing (AM) and cutting-edge 3D scanning technologies. Innovative
techniques like Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and
Stereolithography (SLA) have marked a new era in orthotics production [15–17]. Each
of these AM techniques brings its unique strengths, enabling diverse designs, versatile
material options, and accelerated production cycles. Both SLA and SLS offer capabilities
specifically tailored to meet the intricate demands of orthotic production [17–19]. For
instance, the adaptability and cost-effectiveness of FDM have made it a preferred choice for
various applications [20]. In addition to these technological advancements, the popularity
of prefabricated orthoses has also increased significantly, as they offer a cost-effective
and readily available solution [14,21]. These off-the-shelf options often result in cost
savings; conversely, their design approach might not always provide the perfect fit for
every individual, which can sometimes compromise both the comfort and the overall
effectiveness of the device [22].

To address the need for customization in orthotics, 3D scanning technologies have
emerged as revolutionary tools in the field. These technologies, adept at capturing the
complex anatomical details necessary for creating personalized orthotics, have significantly
altered the landscape of orthotic design and fabrication [23]. The spectrum of available
3D scanning techniques has broadened, encompassing not only laser scanners [24,25],
but also structured light scanners [26,27], photogrammetry [28,29], and handheld optical
scanners [30,31]. Each of these technologies offers unique advantages and contributes to
an unprecedented level of accuracy in data capture. For instance, laser scanners provide
high precision and are excellent for capturing complex geometries, making them ideal
for detailed orthotic design. Structured light scanners, on the other hand, offer a balance
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between speed and accuracy, which is useful for quickly capturing the shape and size of
a limb. Photogrammetry, utilizing photographic images from different angles, is bene-
ficial for its versatility and ease of use, especially in remote or resource-limited settings.
Handheld scanners add the convenience of portability and flexibility, enabling clinicians
to perform scans in various clinical environments. This wide array of scanning options
has made personalized orthotics more accessible and feasible for a diverse range of indi-
viduals [32,33]. These scanners have been instrumental in creating tailored orthoses that
meet patient-specific needs, as evidenced in various case studies [34–36]. Their ability
to accurately capture the unique contours of an individual’s anatomy ensures that the
resulting orthoses are not just functionally superior, but also comfortable, thereby enhanc-
ing patient compliance and therapeutic outcomes [37]. Nevertheless, it is important to
recognize that, while this method offers precision and customization, challenges remain
in integrating this technology into existing clinical workflows and providing adequate
training for medical professionals.

The potential of combining AM with 3D scanning for orthotic fabrication is in-
credibly exciting. The literature presents a range of perspectives on this integration;
some studies enthusiastically highlight the benefits and practical applications of this syn-
ergy [24,38,39], while other research studies point to challenges, gaps, and inconsistencies
in this field [34,40]. What becomes increasingly clear is the need for comprehensive eval-
uations and assessments. Unfortunately, a sizeable portion of the existing research lacks
these assessments, sometimes leading to gaps in understanding any potential obstacles in
real-world implementation. A closer look at the studies provides insights into how these
technologies have real-world implications. Several studies have tested their AFOs only on
healthy individuals [38,41,42] or used molds for digitization, bypassing direct scanning of
the patient’s limb [43]. Others have limitations, such as lacking biomechanical analyses or
qualitative assessments [41,44]. Despite these methodological variations and limitations,
each study has merit and contributes valuable insights to the field of personalized orthoses
using AM. These investigations, whether focusing on the intricacies of manufacturing
techniques, the precision of 3D scanning methods, or the capabilities of these technologies
in real-world clinical settings, have laid a crucial foundation for future research endeav-
ors. The dynamic nature of this field is further highlighted by the diverse approaches in
different studies. While some researchers prioritize exploring the capabilities of manufac-
turing techniques and 3D scanners, others concentrate on evaluating their applications
in clinical scenarios [31]. Within the realm of manufacturing, ongoing discussions and
research are centered around finding the most suitable materials for orthotic fabrication,
balancing durability, flexibility, patient comfort, and cost-effectiveness. This challenge has
led to various research projects searching for the best materials based on specific clinical
requirements [28,40]. Despite their flaws, these studies pave the way for new discoveries
and advancements, significantly contributing to a field that has the potential to aid millions
worldwide with more effective and personalized orthotic solutions.

In contrast, when it comes to 3D scanning, a unique set of challenges and complex-
ities arise. While the potential for accuracy is high, implementing these technologies in
real-world scenarios can sometimes bring unexpected obstacles. Factors such as movement
during scanning procedures [39], scanner resolution quality [34], and the software algo-
rithms [27] used for data processing can significantly impact the quality of the orthotic
products. Another crucial aspect to consider in this discussion is the perspectives of and
feedback from patients, who are the end-users of these orthotic devices. The comfort, expe-
riences, and adherence to treatment plans of patients are crucial in determining the success
of any intervention. Several studies [13,14] have focused on this aspect by comparing feed-
back on traditional orthoses versus those produced using AM techniques. While most of
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the feedback has been positive, these studies also point out potential areas for improvement,
particularly concerning the weight and aesthetic design of these devices [27,45].

Moreover, it is important to consider the implications associated with integrating 3D
scanning and AM into orthotic fabrication processes. The initial investments in equipment,
training, and infrastructure changes may be substantial. However, the potential long-term
benefits, such as reduced production times, minimized material waste, and increased
customization options, present a promising outlook for return on investment [13]. While
it becomes clear that the field of rehabilitation is on the verge of a meaningful change,
it comes with its share of challenges. Like any transition, incorporating AM and 3D
scanning technologies into the orthotics field requires a comprehensive approach. This
approach should cover aspects such as understanding capabilities, aligning with clinical
needs, gathering patient feedback, considering economic implications, and ensuring long-
term sustainability.

This study aimed to biomechanically test and validate the effectiveness of custom
ankle-foot orthoses produced through additive manufacturing technology, using data cap-
tured by a novel photogrammetric scanning system. It sought to bridge the gap between
traditional craftsmanship and modern technology, leveraging the precision of 3D scanning
and the versatility of AM. In doing so, the study addressed the challenges of integrating
these technologies into clinical practice, from ensuring high-quality scanning to generating
a perfectly fitting AFO. While the primary focus was on biomechanical outcomes and
patient feedback, a brief overview of the scanning system was also provided to contex-
tualize the customization process. Ultimately, this research aimed to contribute to the
transformative change in the field of rehabilitation, promising more effective, personalized
orthotic solutions for millions worldwide.

2. Materials and Methods
This research expands on the development of a scanner and software system used

to create 3D-printed AFOs for stroke survivors experiencing equinovarus deformity. Val-
idating the entire system was necessary to ensure that its biomechanical performance
was at least as effective as that of standard AFOs, while also enhancing patient satisfac-
tion. Feedback from patients and clinical observations served as the primary indicators
of success.

2.1. Participant Recruitment and Ethical Considerations

Approval for the study protocol was granted by the Health Ethics Committee of
Centro de Medicina de Reabilitação da Região Centro—Rovisco Pais (Tocha, Portugal) in
August 2022. All experiments and procedures were performed in accordance with the
relevant guidelines and regulations. Additionally, all aspects of the research involving
human participants were performed in accordance with the Declaration of Helsinki. In
line with a request from the Health Ethics Committee, a specific document was created.
The purpose of this document was to ensure that the participants gave their consent freely,
with understanding. This document detailed the objectives of the research study and
provided assurances that there would be no negative impact on the patient’s treatment and
clinical follow-up should they choose to withdraw from the study. It also guaranteed the
anonymity and confidentiality of all collected data, including photographs, results from
the Quebec User Evaluation of Satisfaction with Assistive Technology (QUEST) [46], and
biomechanical analysis data. Both the physician and the patient signed the consent form,
validating their participation in the study. The research protocol was crafted in accordance
with the SPIRIT (Standard Protocol Items: Recommendations for Interventional Trials)
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2013 checklist, a recognized standard for reporting protocol studies [47]. Also, a research
protocol was created for this study [48].

The participant selection criteria for this study were meticulously defined to ensure
the inclusion of individuals whose profiles were optimally aligned with the objectives of
the research. The study targeted a cohort of stroke survivors of both genders, within an age
range of 18 to 75 years. The subjects in the study were required to exhibit signs of equino-
varus foot caused by a stroke, impacting either the left or right lower extremity. A critical
criterion for inclusion was subjects’ daily use of off-the-shelf AFOs as a component of their
rehabilitation regimen. The concurrent use of auxiliary assistive devices such as tripods,
crutches, or canes was not a disqualifying factor. Foremost among the inclusion criteria
was the ability of participants to provide informed consent and demonstrate ambulatory
capabilities, either independently or with the aid of the assistive devices. Exclusion criteria
encompassed individuals presenting with coexisting neurological or orthopedic conditions
impairing gait that could potentially obfuscate the study’s results. Additionally, candidates
exhibiting active dermatological conditions in distal lower limbs or having severe commu-
nicative limitations that could impede consistent and effective participation were deemed
ineligible. The recruitment phase was conducted at the Centro de Medicina de Reabilitação
da Região Centro. Physicians undertook a rigorous examination of patient profiles to
ascertain congruence with the predefined selection criteria. Ten eligible candidates (Table 1)
were comprehensively briefed about the study’s objectives and methodology, followed
by the dissemination of a detailed informed consent document. Ensuring adherence to
ethical standards and the integrity of the data collection process, the enrolment of these
participants proceeded after their provision of written informed consent.

Table 1. Demographic and clinical profile of stroke patients: a detailed overview of gender, age,
physical characteristics, stroke type, affected side, orthotic preferences and time since stroke.

Patient Gender Age
(Years)

Height
(cm)

Weight
(kg) Diagnosis Time Since

Stroke (Months)
Paretic
Side

Fugl-Meyer Scale
(Lower Extremity)

Tinetti
POMA

Current
AFO Type

1 F 48 168 68.0 Ischemic Stroke 3 Left 69 17 PLS
2 M 67 169 69.3 Ischemic Stroke 5 Left 78 24 PLS

3 M 26 175 75.1 Hemorrhagic
Stroke 5 Left 74 21 PLS

4 M 65 163 69.1 Ischemic Stroke 8 Right 53 13 Leaf Spring

5 F 54 166 77.3 Hemorrhagic
Stroke 140 Right 65 18 PLS

6 F 56 147 78.0 Hemorrhagic
Stroke 13 Left 67 18 Leaf Spring

7 F 36 165 63.7 Ischemic Stroke 5 Right 58 24 PLS

8 M 70 185 77.8 Hemorrhagic
Stroke 5 Left 73 20 PLS

9 M 64 167 70.1 Hemorrhagic
Stroke 5 Right 71 20 PLS

10 M 54 168 73.5 Ischemic Stroke 5 Right 75 21 PLS

F—Female; M—Male; PLS—Posterior Leaf Spring.

2.2. AFO Fabrication Process

A novel photogrammetric 3D scanner [49] was employed for the precise capture of
the surface topology of the hemiparetic lower limb. The custom photogrammetric scanner
was designed to rapidly capture the full surface of the lower limb, including the plantar
region of the foot. The system integrates 60 synchronized cameras distributed around the
scanning volume, enabling high image overlap and complete anatomical coverage. Image
acquisition is performed simultaneously, with a total capture time of approximately 2 s,
thereby minimizing motion-related artefacts and improving patient comfort.

Scanner accuracy was assessed through comparative testing against a commercial
high-precision scanner (Comet 5, Steinbichler Optotechnik GmbH, Neubeurn, Germany),
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using a plaster cast foot model. The mean deviation between the two systems ranged
from −2.5 mm to +1.5 mm, with most deviations concentrated around zero, indicating a
sub-millimetric average deviation. The patients were requested to wear loose-fitting track
pants to allow easy access to the affected leg. To ensure a cleaner scan and reduce surface
noise, like leg hair on the mesh, the patients used a stocking to achieve a more consistent
model. The preparatory phase for positioning each patient in seated position within the
scanning apparatus required approximately 2 minutes, with the actual data capture process
concluding in less than 2 s (Figure 1). The newly developed scanner captures not only the
surface of the patient’s leg, but also the entire foot, including the plantar aspect, ensuring
comprehensive morphological customization.

Figure 1. On the left side—virtual image of the novel photogrammetric 3D Scanner. On the right
side—left hemiparetic lower limb of a patient in the scanner.

In the patient’s absence, the physiatrist used a custom-developed software workflow to
design the AFO directly on the virtual reconstruction of the subject’s lower limb. The system
integrates a web-based interface for data management and process control with dedicated
design tools implemented in Rhinoceros® (Robert McNeel & Associates, Seattle, WA, USA)
and Grasshopper® (Robert McNeel & Associates, Seattle, WA, USA), allowing anatomical
alignment, definition of trim lines, adjustment of orthosis thickness, and positioning of
fixation elements. A dedicated module implemented in Blender (Blender Foundation,
Amsterdam, The Netherlands) was used for lower-limb postural correction, enabling
angular adjustments in the sagittal and frontal planes and local mesh modifications to
accommodate anatomical landmarks and potential pressure-sensitive areas. The decision to
use Nylon 12 material for the AFOs was based on extensive mechanical testing of various
materials [50], including acrylonitrile styrene acrylate (ASA), polycarbonate-acrylonitrile
butadiene styrene (PC-ABS), polyethylene terephthalate glycol (PETG), thermoplastic
polyurethane (TPU), polylactic acid (PLA), polycarbonate (PC), ULTEM 1010, and ULTEM
9085. The models for the AFOs were then printed using the FDM process, ensuring a
uniform thickness of 3 mm across all printed orthoses (Figure 2). This thickness was
selected based on mechanical tests conducted with various thicknesses, as well as the
typical thicknesses found in off-the-shelf AFOs. The design of these AM custom AFOs
was influenced by the Posterior Leaf Spring (PLS) model, tailored to gait requirements
post-stroke, with the objective of mitigating excessive equinus or foot drop during the
swing phase and augmenting push-off during stance [51]. The upper proximal portion was
delimited to 5 cm below the fibular head and surrounding the posterior portion of the leg
to form the upper band of the AFO, where a Velcro strap was fixed later. From this point
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downwards, the width of the posterior trim lines was narrowed onto the ankle without
covering the medial and lateral malleoli. A medial arch was included in the orthosis to
enhance medial plane control of the foot and ankle. These supports were also used to
place Velcro straps at the ankle when needed. The trim lines for the foot plate were just
behind the metatarsal heads. The AFOs were initially fitted to each subject, with fine tuning
performed as necessary. This fine tuning included the use of a very fine sandpaper to
smooth any sharp edges or vertices that could potentially cause discomfort or injure the
patient. A period of time was allowed for AFO acclimatization. To avoid bias, standardized
sport shoes in different sizes were available during the testing for each subject.

Figure 2. 3D-printed AFO in Nylon 12 material.

2.3. Biomechanical Assessment and Data Collection

Following the acclimatization period with the customized AFO (CO), subjects were
instructed to walk along a 10 m corridor, completing a total of 10 repetitions. This process
was conducted with both their regularly used standard AFO (off-the-shelf) (PO) and the new
CO AFO. To ensure data quality and consistency, six representative gait cycles from each
condition were selected for detailed analysis. Gait cycles were considered representative
when they presented complete marker trajectories, absence of signal artefacts or marker
dropouts, and temporal characteristics consistent with the subject’s mean gait pattern
across trials.

A Qualisys® motion analysis system (Qualisys AB, Gothenburg, Sweden) equipped
with 12 high-speed Miqus M3 cameras (Frequency: 120-Hz) and two Bertec force platforms
(FP4060-07, FP4060-10, Bertec, Columbus, OH, USA) was utilized to capture precise gait
dynamics and movement data (Figure 3). Subjects were fitted with the CAST lower
body marker set, which includes 36 reflective markers (10 mm diameter), following the
protocol prescribed by Cappozzo et al. [52]. It is important to note that all markers were
placed directly on the skin of the patients to accurately capture their movements, with the
exception of the foot markers. For the feet, markers were placed on standardized sports
shoes provided to the patients. These shoes, consistent in design but varying in size to
fit each patient, were used to minimize variability in data collection related to different
footwear. The patients’ lower limbs were digitally reconstructed in a 3D environment using
Visual 3D™ software (C-Motion, Inc., Rockville, MD, USA) and the Project Automation
Framework (PAF) from Qualisys®. The acquired data were processed using a Butterworth
low-pass filter with a cutoff frequency of 10 Hz and segmented into phases of the gait cycle
based on heel strike events.

For the kinematic data analysis, several parameters were extracted for future analysis,
including Pelvic Anterior Tilt, Pelvic Up Obliquity, Pelvic Internal Rotation, Hip Flexion,
Hip Adduction, Hip Internal Rotation, Knee Flexion, Knee Varus, Knee Internal Rotation,
Ankle Dorsiflexion, Ankle Inversion, Foot Pitch, and Foot Internal Progression. Regarding
the kinetic data, parameters such as Internal Hip Extensor Moment, Internal Hip Valgus
Moment, Internal Knee Extensor Moment, Internal Knee Valgus Moment, Internal Ankle
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Plantarflexor Moment, and Internal Ankle Extensor Moment were selected. For spatiotem-
poral data, values including Speed, Stride Width, Stride Length, Cycle Time, Step Length,
Step Time, Stance Time, Swing Time, Steps per Minute, Strides per Minute, and Double
Limb Support were extracted. Additionally, Gait Profile Score (GPS) [53] values were also
retrieved. These data were collected for both the affected and unaffected limbs, using both
AFOs (PO vs CO).

Figure 3. Testing environment. Representation of the test environment, with twelve infrared high-
speed cameras and two force platforms, during the gait cycle of the patient in the Qualisys Track
Manager (v2023.3).

2.4. Quality Assessment from Subjects

In this study, significant emphasis was placed on the subjective feedback from the
subjects, in addition to the analysis of the biomechanical data. A structured questionnaire
based on the QUEST was utilized to rate various parameters of both AFOs. Subjects rated
Dimensions, Weight, Fit, Safety, Usability, Comfort, and Effectiveness on a scale from 1 to 5,
where 1 represented ‘not satisfied at all’ and 5 signified ‘very satisfied’.

2.5. Statistical Analysis

Statistical analysis of the data for the normalized gait cycle (heel strike to heel strike)
was conducted both individually for each subject and globally for all patients. For kine-
matic and kinetic data, graphical comparisons were made using the Statistical Parametric
Mapping (SPM) method. The analysis utilized the SPM1D script and MatLab v2023b
(MathWorks, Natick, MA, USA). SPM1D v0.4 allows identification of specific regions in
the gait cycle where noticeable differences between conditions (PO and CO) occur, offering
continuous evaluation over the entire cycle and highlighting subtle yet clinically important
variations. Individual comparisons were made using paired t-tests for each subject’s legs
(left leg PO vs. left leg CO and right leg PO vs. right leg CO). The global analysis involved
two-sample t-tests for comparing the affected limb with the unaffected limb. All GPS data
were collected and analyzed to observe mean differences between each set. A symmetry
test and an intra-subject symmetry index were conducted to compare the left and right legs
using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) to detect deviations of
50%. Intra-subject leg comparison tests under both PO and CO conditions involved normal-
ity tests followed by Wilcoxon tests for all variables, using GraphPad Prism 10.0.2 software
(GraphPad Software, San Diego, CA, USA). For the global analysis, Mann-Whitney tests
were performed.

For analysis of the quality assessment from subjects, all mean values were analyzed
both individually and globally, incorporating all findings from the QUEST questionnaire.

Significant differences were recognized based on p-values, with a threshold of 95%
indicating statistical significance.
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3. Results
The Results section herein provides a comprehensive analysis of the gathered data,

encompassing kinematic and kinetic parameters, spatiotemporal metrics, and patient
satisfaction levels as measured by the QUEST. The global outcomes derived from these data
sets are synthesized and presented in the main body of this paper. To facilitate thorough
understanding and transparency, the individual results for each patient have been detailed
in the Supplementary Materials.

3.1. Kinematics

The graphs on the top display the means of normalized gait cycles, ranging from 0% to
100%, for all patients’ kinematics (Figure 4), comparing heel strike events between AFO CO
(black line) and AFO PO (red line). The lightly shaded grey area provided by PAF software
represents the normative data standard deviation for a healthy adult demographic. The
graphs on the bottom show the SPM comparison between both means.

Affected Limb 

X Y Z 

Pelvic Anterior Tilt Pelvic Up Obliquity Pelvic Int. Rotation 

   

Hip Flexion Hip Adduction Hip Int. Rotation 

   

Figure 4. Cont.
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Knee Flexion Knee Varus Knee Int. Rotation 

   

Ankle Dorsiflexion Ankle Inversion  

  

 

Foot Pitch  Foot Int. Progression 

 

Figure 4. Cont.
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Unaffected Limb 

Pelvic Anterior Tilt Pelvic Up Obliquity Pelvic Int. Rotation 

   

Hip Flexion Hip Adduction Hip Int. Rotation 

   

Knee Flexion Knee Varus Knee Int. Rotation 

   

Figure 4. Cont.
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Ankle Dorsiflexion Ankle Inversion  

  

 

Foot Pitch  Foot Int. Progression 

 

 

 

Figure 4. Mean joint angles of all patients (top) and the respective SPM1D analysis (bottom) during
the gait cycle, for the PO AFO (red line) and the CO AFO (black line). Grey shaded regions on the
top show the normative data for the gait cycle of healthy patients, and grey shaded regions on the
bottom indicate where differences were statistically significant.

3.2. Kinetics

On the top, the graphics display the average kinetic profiles of normalized gait cycles
from heel strike to heel strike (Figure 5), contrasting the kinetics of AFO PO (red line) with
AFO CO (black line). The shaded grey region provided by PAF software delineates the
standard deviation of the normative kinetic data for a healthy adult demographic. On
the bottom, the graphics present the results of the Statistical Parametric Mapping (SPM)
analysis comparing the two kinetic curves.

https://doi.org/10.3390/app16041950

https://doi.org/10.3390/app16041950


Appl. Sci. 2026, 16, 1950 13 of 30

Affected Limb 

X Y 

Int. Hip Extensor Moment Int. Hip Valgus Moment 

  

Int. Knee Extensor Moment Int. Knee Valgus Moment 

  

Int. Ankle Plantarflexor Moment Int. Ankle Extensor Moment 

Figure 5. Cont.
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Unaffected Limb 

Int. Hip Extensor Moment Int. Hip Valgus Moment 

  

Int. Knee Extensor Moment Int. Knee Valgus Moment 

  

Int. Ankle Plantarflexor Moment Int. Ankle Extensor Moment 

  

Figure 5. Mean moments of all patients (top) and the respective SPM1D analysis (bottom) during
the gait cycle, for the PO AFO (red line) and the CO AFO (black line). Grey shaded regions on the
top show the normative data for the gait cycle of healthy patients, and grey shaded regions on the
bottom indicate where differences were statistically significant.
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3.3. Spatiotemporal

The forthcoming analysis presents a detailed examination of spatiotemporal gait
parameters, which are essential to understanding locomotive efficiency and symmetry
in human movement. Initially, the symmetry between affected and unaffected limbs
was assessed (Figure 6), revealing compensatory strategies that may emerge due to gait
alterations. Subsequently, Gait Symmetry Indices were analyzed (Table 2), providing
a quantitative measure of bilateral coordination and identifying potential asymmetries.
The breakdown of gait cycles further elucidates the timing and consistency of walking
patterns, which are essential for recognizing deviations from typical gait (Table 3). Also,
a comparative analysis between the affected and unaffected limbs for PO and CO was
conducted (Table 4), delineating the influence of orthotic intervention on gait mechanics.
These comparisons are pivotal for assessing the role of the orthosis in gait modification and
its relevance to rehabilitative strategies.

Figure 6. Mean and standard deviation of Symmetry vs. Asymmetry for all patients for Step Length,
Swing Time, and Stance Time for the affected limb (light grey) and unaffected limb (dark grey).
The p values indicate if differences were statistically significant. * Statistically significant difference
between the affected and unaffected limb (p < 0.05).

Table 2. Comparative analysis of gait symmetry indices: assessing step length, swing time, and
stance time for PO and CO, normalized to 50%, in stroke patients.

Parameters PO
(Mean ± SD)

CO
(Mean ± SD) p-Value

Symmetric Index
Step Length (%) 54.61 ± 13.55 55.16 ± 12.07 0.7359

Symmetric Index
Swing Time (%) 62.11 ± 5.80 48.09 ± 12.36 <0.0001 *

Symmetric Index
Stance Time (%) 51.24 ± 5.15 50.00 ± 4.97 0.2188

* Statistically significant difference between PO and CO (p < 0.05).
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Table 3. Comparative analysis of gait parameters in stroke patients: PO and CO.

Parameters PO
(Mean ± SD)

CO
(Mean ± SD) p-Value

Speed (m/s) 0.18 ± 0.06 0.21 ± 0.07 0.0485 *
Stride Width (m) 0.20 ± 0.04 0.20 ± 0.04 0.8681
Stride Length (m) 0.44 ± 0.09 0.45 ± 0.10 0.6824

Double Limb Support (s) 1.40 ± 0.64 1.32 ± 0.63 0.5174
Cycle Time (s) 2.46 ± 0.72 2.43 ± 0.78 0.7586

* Statistically significant difference between PO and CO (p < 0.05).

Table 4. Detailed gait analysis comparing affected and unaffected limbs with PO and CO use in
stroke patients: step length, time, stride, stance, swing, cycle time, and frequency.

Parameters
Affected
Limb PO

(Mean ± SD)

Affected
Limb CO

(Mean ± SD)
p-Value

Unaffected
Limb PO

(Mean ± SD)

Unaffected
Limb CO

(Mean ± SD)
p-Value

Step Length (m) 0.24 ± 0.07 0.25 ± 0.07 0.5379 0.19 ± 0.06 0.20 ± 0.07 0.9677
Step Time (s) 1.51 ± 0.63 1.42 ± 0.62 0.3347 0.96 ± 0.23 0.97 ± 0.24 0.9677

Stride Length (m) 0.43 ± 0.09 0.45 ± 0.11 0.3501 0.43 ± 0.09 0.44 ± 0.10 0.7998
Stance Time (s) 1.79 ± 0.67 1.78 ± 0.71 0.9718 2.08 ± 0.67 1.99 ± 0.68 0.2801
Swing Time (s) 0.66 ± 0.18 0.66 ± 0.17 0.7487 0.39 ± 0.09 0.40 ± 0.09 0.5998
Cycle Time (s) 2.46 ± 0.75 2.42 ± 0.78 0.5927 2.45 ± 0.70 2.38 ± 0.78 0.4342
Steps/Minute 47.53 ± 18.94 49.73 ± 18.04 0.3426 67.46 ± 17.06 65.30 ± 17.14 0.5413

Strides/Minute 26.80 ± 9.03 27.42 ± 8.36 0.5207 26.72 ± 8.62 27.83 ± 9.26 0.4576

3.4. Gait Profile Score

Table 5 presents the Gait Profile Score (GPS) results for all patients. The GPS is
a recognized measure for assessing gait abnormalities and offers valuable insights into
the effectiveness of various orthotic interventions. This table focuses on comparing the
affected and unaffected limbs of patients by evaluating the median values of overall
GPS scores. Additionally, it details individual values for each of the nine variables that
constitute the GPS, for both affected and unaffected limbs under PO and CO conditions.
These data provide a comprehensive understanding of the impact of each AFO type on
specific gait aspects in both limb types. Furthermore, the table highlights the median
differences between the AFO conditions, providing an analytical perspective of their
comparative effectiveness.

3.5. QUEST

Table 6 displays the QUEST results for all patients. QUEST is an established tool
for evaluating user satisfaction with assistive technologies, covering essential aspects
such as dimension, weight, adjustment, safety, usage, comfort, and effectiveness. The
table compares individual patient responses across all these variables. Additionally, the
table provides average scores and standard deviations for each variable under PO and
CO conditions.
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Table 5. Comprehensive GPS analysis of stroke patients, comparing affected and unaffected limbs with PO and CO: median and interquartile range with median
differences.

PO

Subject

Global (Median) Affected Limb (Median) Unaffected Limb (Median)
GPS

Affected
Limb

GPS
Unaffected

Limb
GPS Overall Pelvis

Tilt
Hip

Flexion
Knee

Flexion

Ankle
Dorsiflex-

ion

Pelvis
Obliquity

Hip Ab-
duction

Pelvis
Rotation

Hip
Rotation

Foot Pro-
gression Pelvis Tilt Hip

Flexion
Knee

Flexion

Ankle
Dorsiflex-

ion

Pelvis
Obliquity

Hip Ab-
duction

Pelvis
Rotation

Hip
Rotation

Foot Pro-
gression

1 12.4 13 15.5 6.1 11.9 19.2 9.2 3.4 6 11.7 7.1 19.7 6.2 16.8 23.9 12.7 3.9 8.8 13.1 8.6 9
2 10.1 13.8 12.9 8 18.1 16.6 8.4 2.7 3.4 8.4 8.3 3 5.3 10.3 17.9 15.4 3.2 5.6 8.8 26 9.4
3 11.3 9.6 11.3 1.7 10.6 19.4 9.9 4.5 13.1 9 10.5 12.4 1.8 7.9 21 11.8 3.6 4.4 7.8 5.9 7.1
4 9.4 11.6 11 9.7 12.1 16.3 10.3 4 3 7.9 5.8 7.1 9.4 12.6 23.3 12.4 4.2 4.8 8.6 7.9 8.8
5 14.3 14.8 14.9 17.5 13.6 29.8 11.8 7.8 6.2 7.4 9.7 7.1 17.3 26.7 20.8 11.1 7.1 5.5 10.7 6.7 12.1
6 15.7 16.2 16.7 14.9 20.4 21 8.5 5 12.7 10.5 6.2 26.7 15.2 23.7 18.9 11.2 4.4 9.5 11.9 8.4 27.7
7 13.4 11 13.3 4.4 10.9 31.4 12 5.3 5.7 5.7 8.4 13.3 4.7 10.3 24.6 11.3 6.2 5 6.8 9.2 5.7
8 14.9 12.6 14.5 14.5 17.8 23.8 8.4 6.1 6.4 5.1 23.2 12.8 14.5 22.1 17.3 11.7 6.6 5.4 6.4 9 8.5
9 11 14.7 14.1 1.5 13.7 21.9 9.7 3 6.1 7.1 7.9 12.7 1.5 12.1 29.8 6.4 2.9 4.8 8.6 18.7 20.2
10 9.4 12.1 11.6 4.9 8.7 20.3 6.7 6.3 3.7 3.7 11.7 5.5 5.5 9.7 28.6 9.5 6.4 6.5 6.2 6.7 10.2

Median 11.9 12.8 13.7 7.1 12.9 20.7 9.5 4.8 6.1 7.7 8.4 12.6 5.9 12.4 22.2 11.5 4.3 5.5 8.6 8.5 9.2
IQR 10.3–14.1 11.7–14.5 11.9–14.8 4.5–13.3 11.2–16.8 19.3–23.3 8.4–10.2 3.6–5.9 4.2–6.4 6.1–8.9 7.3–10.3 7.1–13.2 4.9–13.2 10.3–20.8 19.4–24.4 11.1–12.3 3.7–6.4 4.9–6.3 7.1–10.2 7.0–9.2 8.6–11.6

CO

Subject

Global (median) Affected Limb (median) Unaffected Limb (median)
GPS

Affected
Limb

GPS
Unaffected

Limb
GPS Overall Pelvis

Tilt
Hip

Flexion
Knee

Flexion

Ankle
Dorsiflex-

ion

Pelvis
Obliquity

Hip Ab-
duction

Pelvis
Rotation

Hip
Rotation

Foot Pro-
gression Pelvis Tilt Hip

Flexion
Knee

Flexion

Ankle
Dorsiflex-

ion

Pelvis
Obliquity

Hip Ab-
duction

Pelvis
Rotation

Hip
Rotation

Foot Pro-
gression

1 11.2 10.4 11.7 4.1 10.3 22.7 9 3.8 4.6 7.7 6.2 15.1 3.4 11.9 17.9 14.3 3.9 7.6 7.4 7.7 6.6
2 9.8 13.6 12.6 8.6 18.9 14.5 8.3 3 3.7 5.3 8.2 3 8.7 15.7 17.9 15.3 3.5 6 6.9 17.9 4.2
3 11.8 9.3 11.4 4.9 9.4 21.4 10.5 4.8 13 8.5 13.9 10.1 3.8 9.1 18.6 13.4 5 4 9.1 3.2 5.4
4 9.1 11.2 10.8 9.1 12.5 16.5 9.8 4.6 2.9 6.9 6.4 3.5 9.5 13.2 22.1 11.2 4.4 4.3 7.3 7 9.5
5 13.4 13 13.6 11.7 12.6 27.3 15.1 10.1 8.1 10.3 5.8 5 11.7 18.8 17.2 15.8 10.8 8.5 13 6 8.5
6 15.4 14.9 16.1 11.4 17.1 22.8 8.6 4 8.6 7.8 5.7 30.3 11.6 20 19.3 11.2 3.9 8.6 10 8.9 25.6
7 12.7 11.2 12.9 4 9.9 29.9 11.6 5.1 5.5 5.7 5.7 13.1 4.1 11.1 24.4 11.2 5.7 5 7.1 10.4 5.8
8 13.6 13 13.8 14.8 22.1 20.7 8.6 6.1 6.9 6.5 13.2 10.4 14.9 22.2 17.8 11.8 6.6 5.9 7.6 9.2 9.8
9 10.9 14.6 14 1.4 13.4 21 10.5 3.1 6.4 6.8 9.5 11.6 1.4 11.6 27.4 7 2.8 4.9 8 22.7 18.9
10 9.7 11.9 11.6 5.2 10 19 12.8 5.7 4.3 4 10 4.3 5.3 8.7 28 9.5 5.9 6 6.4 8.6 9.3

Median 11.5 12.5 12.8 6.9 12.6 21.2 10.2 4.7 6.0 6.9 7.3 10.3 7.0 12.6 19.0 11.5 4.7 6.0 7.5 8.8 8.9
IQR 10.1–13.2 11.2–13.5 11.6–13.8 4.3–10.8 10.1–16.2 19.4–22.8 8.7–11.3 3.9–5.6 4.4–7.8 5.9–7.8 5.9–9.9 4.5–12.7 3.9–11.1 11.2–18.0 17.9–23.8 11.2–14.1 3.9–5.9 4.9–7.2 7.2–8.8 7.2–10.1 6.0–9.7

MEDIAN DIFFERENCE PO vs. CO
0.4 0.3 0.9 0.2 0.3 −0.5 −0.7 0.1 0.1 0.8 1.1 2.3 −1.1 −0.2 3.2 0 −0.4 −0.5 1.1 −0.3 0.3
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Table 6. Assessment of AFO Satisfaction: Comparison of User Experience with QUEST.

Subject Dimensions Weight Adjustment Safety Usage Comfort Effectiveness
PO CO PO CO PO CO PO CO PO CO PO CO PO CO

1 3 5 3 5 4 5 4 5 3 5 2 5 4 5
2 3 3 3 3 3 3 3 3 3 3 3 4 3 3
3 3 5 4 5 4 3 5 5 4 5 4 5 5 5
4 4 5 4 4 4 4 5 5 4 4 4 4 4 4
5 4 4 4 4 4 3 4 4 4 3 4 3 3 3
6 4 5 5 5 5 5 5 5 5 5 4 4 3 3
7 Unable to perform QUEST due to aphasia
8 2 4 2 4 3 4 3 4 3 4 2 4 2 5
9 5 5 5 5 4 5 5 3 4 5 4 5 4 3
10 5 5 5 5 5 5 5 5 5 5 5 5 5 5

Mean 3.67 4.56 3.89 4.44 4.00 4.11 4.33 4.33 3.89 4.33 3.56 4.33 3.67 4.00
SD 0.89 0.65 0.94 0.65 0.63 0.83 0.77 0.77 0.70 0.77 0.91 0.63 0.89 0.89

1 = not satisfied, 2 = not very satisfied, 3 = more or less satisfied, 4 = quite satisfied, 5 = very satisfied.

4. Discussion
This study represents a significant step forward for neurorehabilitation, particularly

in the development and application of AFOs for stroke survivors. This study, integrating
3D scanning and AM technologies, aimed to bridge the gap between traditional orthotic
craftsmanship and prefabricated orthoses with modern precision-driven fabrication meth-
ods. This integration not only promised a higher level of customization, but also sought to
enhance the functional effectiveness of AFOs. The implementation of a novel photogram-
metric 3D scanner for capturing the intricate details of the hemiparetic lower limb was
instrumental in achieving a high degree of precision in orthosis design. This precision was
critical in addressing the unique anatomical and biomechanical needs of each participant,
as reflected in their feedback and the biomechanical data collected. The customization
process was further augmented by employing FDM with Nylon 12 material, ensuring
uniformity and durability in the final AFO product. While the present findings indicate
meaningful biomechanical improvements and high levels of user satisfaction with the
customized AFOs, these results must be interpreted within the context of the study design.
The number of participants was limited, and the cohort exhibited clinical heterogeneity
in terms of age, time since stroke, and functional impairment. Such variability is inherent
to post-stroke rehabilitation settings but restricts the extent to which the results can be
generalized to the broader stroke population. For this reason, the present investigation
should be understood primarily as a feasibility and proof-of-concept study, rather than a
definitive clinical validation. According to our previous review [13] and Wojciechowski
et al. [14], several studies have built their orthoses using Nylon 12 [16,18,40,44,54]. How-
ever, this study marks the first instance of employing Nylon 12 in conjunction with FDM
technology, setting it apart from previous research. For instance, Liu et al. [40] utilized MJF
technology, while other studies predominantly employed selective SLS. This distinction is
crucial, as the manufacturing process can significantly influence the material properties
of the final product. While it is feasible to draw parallels with studies that used the same
material, the divergent fabrication techniques employed—-FDM in this case versus MJF
and SLS in others—-can lead to variances in the mechanical and structural characteristics
of the Nylon 12. These variations can affect everything from the AFO’s flexibility and
durability to its comfort and fit. Therefore, while the use of Nylon 12 as a material remains
a common thread, the application of different manufacturing technologies introduces a
layer of complexity in direct comparisons. This emphasizes the importance of considering
both material and fabrication method in assessing the efficacy and functionality of AFOs
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in clinical settings. Within this context, it is important to clarify that the present study
did not aim to isolate the individual effects of orthosis geometry, material selection, or
manufacturing technology. Instead, these elements were intentionally combined as part of
an integrated solution reflecting a realistic clinical and production workflow. Consequently,
the observed biomechanical and subjective outcomes should be interpreted as the result
of the interaction among orthosis design, the mechanical properties of Nylon 12, and the
characteristics of the FDM manufacturing process, rather than being attributed to a single
factor in isolation.

4.1. Kinematic Data Analysis

The SPM1D method, a Python/MATLAB package, has been developed for introducing
SPM to biomechanics for the analysis of time-varying human movement, particularly in
gait analysis [55]. This method is particularly useful in gait analysis, as it allows for
detailed examination of entire gait cycles, providing a comprehensive view of kinematic
and kinetic patterns.

This study contributes significantly to the field of gait analysis in stroke rehabilitation
by focusing on kinematic differences using SPM. Notably, to date, only two other studies
have employed SPM in the analysis of gait in stroke patients. Wang et al. [56] aimed to
validate a new 3D gait analysis system, concentrating on the ankle, knee, and hip joints
in stroke patients, but solely under barefoot conditions. Cicarello et al. [57], meanwhile,
focused on analyzing vertical and mediolateral center-of-mass displacement in barefoot
stroke patients. Both these studies provided valuable insights but did not explore the
effects of AFOs on gait dynamics. In contrast, the present study specifically examines
the kinematic impacts of PO and CO in stroke patients. The SPM analysis conducted, a
pioneering approach in this context, revealed some deviations in parts of the gait cycle when
comparing PO and CO. These deviations were observed in areas such as the affected limb
hip adduction, unaffected limb knee internal rotation, affected limb knee varus, affected
limb knee internal rotation, affected limb ankle dorsiflexion, and unaffected limb foot
pitch. These deviations offer new insights into how different AFOs can influence gait
kinematics in stroke patients. For instance, variations in hip adduction and knee varus
on the affected side may indicate how each AFO type affects lateral stability and limb
alignment, which are crucial for effective and safe walking. Additionally, most studies
have established that the use of AFOs typically results in an increase in dorsiflexion during
the initial stages of the stance phase in stroke patients [58,59]. The findings of this study
support these observations, showing improvements in ankle motion from initial contact
to the three rockers of the foot, both with PO and CO. Notably, subject 5, who is detailed
in the Supplementary Materials, demonstrated a significant statistical difference between
the two types of AFOs on the affected side (p < 0.001), emphasizing the importance of
AFO design and material in influencing gait. What makes the results for patient 5 even
more intriguing is that this patient had gone the longest time since stroke and had always
used a PO orthosis, so it is possible that they had developed specific gait mechanisms.
Interestingly, upon using the CO orthosis for the first time, significant and promising
results were immediately observed. This suggests that switching to the CO orthosis helped
to counteract some of the less optimal gait patterns that had developed over time with
consistent use of the PO orthosis. Supporting this, Kobayashi et al. [60] indicated that
different AFO resistances at the ankle joints are particularly notable in the early stance phase.
These findings suggest that differences in AFO design and material, which lead to variations
in stiffness applied, can restrict the subject’s ankle motion in stance, impacting overall gait
mechanics. Alterations in these areas can significantly impact balance and overall gait
mechanics, particularly in stroke patients, where muscle control and coordination are often
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compromised. Similarly, differences in ankle dorsiflexion and foot pitch provide a window
into how these orthoses modify foot–ground interactions.

It is commonly observed that stroke patients exhibit peak extension at initial contact
and during the loading response, leading to increased gait difficulty due to the interruption
of fluidity between sub-phases of gait. Yet, studies including Kobayashi et al. [60] indicate
that AFOs can enhance either the initial or terminal stance phase. Notably, patient 8 (data in
the Supplementary Materials) showed an improved sagittal knee pattern with the CO AFO,
as the joint range of motion remained within the flexion spectrum, effectively eliminating
certain extension peaks observed with the PO AFO. This was particularly significant
(p = 0.016) in the stance phase but was evident throughout the entire gait cycle. Such
improvements in knee angle at heel strike and facilitation of limb clearance during the
swing phase are crucial for gait fluidity [61]. Previous studies have suggested that greater
plantar flexion resistance can induce increased knee flexion in the early stance phase of
gait [62], implying that the PO AFO may offer more flexibility than the CO AFO.

While only a few studies have directly investigated the impact of AFOs on hip kine-
matics, reviews of existing research, such as the one conducted by Tyson et al. [63], report
no significant differences, especially in initial contact and peak hip extension during the
stance phase. In contrast, this study observed improvements across all three hip planes
on both the affected and unaffected sides in most subjects when using both types of AFOs.
Remarkably, subject 5’s hip sagittal parameters (data in the Supplementary Materials)
during the stance phase exhibited statistically significant changes, not only on the affected
side, but predominantly on the unaffected side, with the CO AFO. It is conceivable that
the enhancement in knee flexion at clearance facilitated by the CO AFO allowed for a
decrease in hip abduction and ultimately reduced the hip flexion normally required to
successfully swing between steps. These observations further demonstrate the intricate
interplay between lower limb joint kinematics in stroke patients and the influence of AFO
design. The kinematic changes observed with different AFO types highlight the need for
personalized orthotic solutions in stroke rehabilitation to address individual biomechanical
deviations and enhance overall gait quality.

4.2. Kinetic Data Analysis

In addition to the kinematic analysis, this study also delved into the kinetic aspects
of gait in stroke patients using PO and CO. Notably, the use of statistical SPM for kinetic
data analysis is a pioneering approach in this area, as, to date, no studies have employed
SPM for kinetic gait analysis in stroke patients. One significant deviation was observed
in the affected limb internal hip extensor moment between 27% and 36% of the gait cycle.
This deviation suggests a variation in the hip’s capacity to generate or control force during
the mid-stance phase of walking. In stroke patients, the hip moment plays a critical role
in maintaining balance and stability [60]. Therefore, the observed variation indicates that
the type of AFO can substantially influence the hip’s biomechanical function, affecting the
patient’s stability and propulsion during the gait cycle. Further analysis revealed deviations
in the unaffected limb internal ankle plantarflexor moment between 80% and 87% of the
gait cycle. The variance in ankle moment on the unaffected side could be indicative of how
each AFO type influences these compensatory strategies, impacting the overall balance and
load distribution during walking. Additionally, a deviation was noted in the unaffected
limb internal ankle extensor moment during the toe-off phase, between 80% and 87% of the
gait cycle. A potential explanation for this difference lies in the normalization of gait with
the use of CO AFO in the affected limb. The more normalized gait pattern with CO AFO
leads to an earlier toe-off, around 75% of the gait cycle, compared to the toe-off occurring
around 85% with PO. This suggests that CO AFO may contribute to a more efficient and
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natural gait pattern in the affected limb, which in turn influences the kinetic behavior of
the unaffected limb during the toe-off phase.

Interestingly, only four studies have conducted kinetic analyses using AM-produced
AFOs, none of which involved stroke patients [18,19,64,65]. Vasiliauskaite et al. [19], who
explored the efficacy of AFO stiffness prescriptions in various patients, compared Nylon
12 AFOs produced via SLS with conventional polypropylene AFOs. They found peak
AFO plantarflexion moments of 0.497 (0.171) and 0.587 (0.281) N.m/kg for conventional
polypropylene and SLS AFOs, respectively, which are higher than those observed in this
study for PO AFO-0.303 (0.215) and CO AFO-0.392 (0.189). While Vasiliauskaite’s study
reported an 18% increase in moment between the two AFO types, this study observed a 29%
increase. This difference may be attributed to the unique biomechanical and anatomical
characteristics of stroke patients. Stroke-induced muscular and neural impairments can
profoundly influence how the body interacts with orthotic devices, potentially leading to
more significant changes in kinetic parameters when different AFO types are used. Harper
et al. [64] performed a study involving thirteen active military personnel with unilateral
lower extremity injuries, comparing various SLS-produced AFOs with Nylon 11 and dif-
ferent strut stiffnesses. Though a direct comparison is challenging due to different patient
demographics and AFO materials, understanding how AFO stiffness influences joint mo-
ments in the hip, knee, and ankle, as investigated by Telfer et al. [18], is valuable. These
studies observed that variations in AFO stiffness can significantly impact the ankle’s range
of motion and the body’s support mechanics, highlighting the complex interplay between
AFO design and gait biomechanics. Furthermore, Ranz et al. [65] delved into the influence
of passive-dynamic ankle-foot orthosis bending axis location on gait performance in indi-
viduals with lower-limb impairments. Similar to Harper et al. [64] and Telfer et al. [18],
the values found in Ranz’s study were higher than those in this research. Although a
direct comparison is not feasible, the insights provided by the Ranz study are crucial. They
observed that the bending axis condition influenced various aspects of gait in the first half
of the stance, with participant preferences for bending axis conditions correlating strongly
with peak joint moments and kinematics. This diversity in preferences, influenced by
individual etiologies, underscores the need for personalized AFO prescriptions, a principle
that is also central to this study.

4.3. Spatiotemporal Data Analysis

Gait parameters such as walking speed, stride width, stride length, cycle time, step
length, and double limb support offer a quantitative measure of gait efficiency and flu-
idity. This study utilized these parameters to compare the effectiveness of custom and
off-the-shelf AFOs in enhancing gait dynamics. Reductions in gait speed are a prevalent
characteristic of stroke survivors experiencing hemiparesis. According to Verma et al. [66],
average gait speeds in this population may vary from a slow 0.23 m/s to a relatively faster
0.73 m/s, reflecting a wide range of mobility impairments. Furthermore, Perry et al. [67]
have demonstrated that gait speed is a critical marker in differentiating stroke patients
based on the severity of their comorbid conditions. Specifically, those experiencing greater
ambulatory challenges exhibited gait velocities between a markedly reduced 0.1 m/s and
0.23 m/s. This aligns with the findings of the current study, which focused on a sam-
ple primarily comprising hospital inpatients, none of whom could ambulate without the
assistance of a walking aid or an AFO. Consequently, the observed gait speeds in these
patients were generally lower compared to those reported in other studies [68,69]. In the
present research, a statistically significant difference (p = 0.0485) was observed in gait
speeds between different types of AFOs, with an average speed of 0.18 m/s recorded for
patients using PO AFOs and 0.21 m/s for those using CO AFOs. This finding is particularly
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noteworthy in the context of existing literature, which offers mixed results. For instance,
Chen et al. [70] did not report significant differences in gait speeds when comparing simi-
lar types of AFOs, while Gök et al. [71] observed a notable variation, with plastic AFOs
yielding a gait speed of 0.37 m/s (p < 0.05) and metal AFOs resulting in a speed of 0.41 m/s
(p < 0.05). It is evident that the design elements of AFOs, such as material composition,
shaft construction, movement restriction at the ankle, and footplate length, can profoundly
influence gait biomechanics [1]. In this study, the primary design and material of the PO
AFOs differed significantly from those of the CO AFOs used. Although patients were
accustomed to using their personal AFOs (PO) in daily activities, it is plausible that the
mechanical properties of the CO AFO may have provided enhanced stability during the
gait cycle, thereby contributing to the observed improvement in walking speed. While
other spatiotemporal parameters such as stride length and double limb support time also
showed trends towards improvement with the AM custom AFOs, these changes did not
reach statistical significance in this study, unlike in other studies [1,11,16–18,72].

Assessment of symmetry and asymmetry in gait is crucial for understanding the
effectiveness of orthotic interventions in stroke rehabilitation. In this study, symmetry tests,
along with intra- and inter-subject symmetry indices, provided valuable insights into the
bilateral balance achieved by patients. The analysis revealed notable improvements in
symmetry when participants used the CO AFO. A more individualized analysis of each
patient (detailed in the Supplementary Materials) reveals nuanced trends in response to the
use of CO AFOs. In this individualized analysis, a trend towards increased walking speed
was observed in 5 out of 10 patients when using the CO AFO, with only 2 experiencing
a reduction. Regarding Stride Width, there was a tendency for a reduction in 5 of the
10 patients, with only 2 showing an increase. For Stride Length, an increase in step size
was found in five patients, while a decrease was observed in three patients. Double Limb
Support times showed mixed results, with an increase and decrease in three patients each,
and no change in four patients. Cycle Time increased in five patients and decreased in
two patients. These varied responses underscore the heterogeneity inherent in stroke
patients [73]. The variability in gait adaptations among individuals can be attributed to
several factors, including the extent and location of the brain injury, the duration since
stroke onset, the pre-existing motor skills, the severity of motor impairments, and the
degree of access to rehabilitation treatments [73,74]. Stroke impacts motor control and
gait in diverse ways, leading to a wide range of compensatory mechanisms and recovery
trajectories [75,76]. This heterogeneity highlights the complexity of stroke rehabilitation
and the need for personalized treatment plans.

Concerning the mean step length symmetry of all patients, both PO and CO AFOs
demonstrated similar patterns, with an increased step length for the affected limb. A
significant improvement was observed in swing time symmetry when patients used the
CO AFO, making the swing phase much more symmetrical, with negligible statistical
differences between the affected and unaffected limbs (p = 0.1651). This indicates that the
use of a CO AFO may contribute to a more balanced and coordinated gait, reducing the
discrepancies in limb movement timing often seen in stroke patients. In terms of stance time
symmetry, no significant differences were found between the PO and CO AFOs. Yet, with
the CO AFO, the stance time achieved perfect symmetry, with a mean value of 50.00 ± 4.97.
In contrast, Cha et al. [27] conducted tests on stance time symmetry and found differences
between 3D-printed AFO vs conventional AFO, with favorable results for the 3D AFO,
but they did not present the symmetry values between AFOs. Creylman et al. [16] found
identical values for polypropylene AFO and SLS-AFO, yet there is an associated asymmetry
for both of 62.1%. Normally, stroke patients tend to spend more time in contact with the
ground with the unaffected limb, indicating extended weight transfer to the unaffected side
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to compensate for the weakness of the affected side [16]. Nevertheless, in this study, the
use of both PO AFO and CO AFO demonstrated very good symmetry values, contributing
significantly to a more physiological gait pattern in this group of patients.

4.4. Gait Profile Score Analysis

The GPS offers a comprehensive assessment of gait quality, encapsulating various
aspects of movement into a single measure. In mathematical terms, the GPS represents
the root mean square difference between the individual joint’s curve and the mean curve
calculated for a reference population of unaffected individuals [77]. Originally developed
to assess the gait of children with cerebral palsy [78–81], its application has significantly
broadened in recent years. Contemporary studies have extended the use of GPS to evaluate
populations with diverse conditions, notably including those with lower limb amputa-
tions [82], Parkinson’s disease [83], and multiple sclerosis [84]. This expansion reflects
the GPS’s versatility and adaptability in various clinical scenarios. Moreover, some inves-
tigations have employed the GPS to assess mixed samples, encompassing adults with a
range of orthopedic and neurological disorders [85] and children diagnosed with multiple
clinical conditions [86]. This approach highlights the tool’s capability to provide valuable
insights across a spectrum of gait abnormalities. Despite its expanding application, the
use of GPS in assessing patients with stroke remains relatively unexplored. To date, and
to the best of our knowledge, only four studies have focused on the application of GPS
in stroke patients [77,87–89]. These studies represent a crucial step in understanding the
gait characteristics and alterations in this patient population. However, all four of these
studies have evaluated this metric with the stroke patient walking barefoot. Given the
critical role that AFOs play in supporting gait rehabilitation in stroke patients, this lack
of research represents a notable oversight. We extend the scope of existing research not
only by analyzing the gait of stroke patients with the aid of AFOs, but also by comparing
GPS outcomes when using a prefabricated AFO versus a custom-made AFO fabricated
through AM. By comparing the GPS values for both the affected and unaffected limbs in
participants wearing the PO and CO, it is possible to discern the specific impact of the
personalized design on gait normalization. These results indicated an improvement in gait
quality (GPS overall: PO-13.7 vs CO-12.8) when patients used the CO AFOs compared
to the PO AFO models. This was particularly evident in the reduced deviation from the
normative gait patterns, as the GPS values approached those of healthy adult gait standards.
Such improvements are indicative of a more balanced and physiologically accurate walking
pattern, which is crucial for reducing the risk of falls and enhancing mobility in stroke
survivors. The closer alignment of GPS values with normative data under the CO condi-
tion highlights the effectiveness of personalized design in addressing gait abnormalities
associated with post-stroke hemiparesis. When comparing the PO and CO results, both
AFOs obtained lower values for the affected limb than reported by Devetak et al. [87]
(13.9) but higher than those reported by Fukuchi and Duarte [88] (8.0), Bigoni et al. [77]
(10.07), and Jarvis et al. [89] (9.4). This could be explained by the temporal differences
between the date of analysis and date of stroke and the fact that the level of neurological
impairment was only defined by CT scan or MRI [89]. In the reviewed studies, all except
Devetak et al. [87] exhibit differences exceeding 1 year in terms of time since stroke. As time
progresses, patients tend to stabilize their gait through rehabilitation, often resulting in a
more homogeneous and normalized walking pattern. Ref. [87], with a time difference of
6.0 months, aligns more closely with the patient demographics of this study. Consequently,
it can be inferred that the use of AFOs generally contributes to improvement of the patient’s
gait. This is particularly evident with AFOs fabricated using AM, which appear to offer
enhanced benefits in gait rehabilitation.

https://doi.org/10.3390/app16041950

https://doi.org/10.3390/app16041950


Appl. Sci. 2026, 16, 1950 24 of 30

4.5. QUEST Analysis

In this study, the QUEST effectively delineated patient satisfaction regarding the
custom and standard AFOs, particularly emphasizing comfort, fit, and efficacy. Notably, the
weight of the orthoses emerged as the second-highest rated aspect in our study, surpassed
only by dimensions. This significant score in the weight category is largely attributable to
the strategic selection of Nylon 12 as the material for 3D printing, which, with its mere 3 mm
thickness, contributed substantially to the orthoses’ lightweight attribute while maintaining
essential durability. Moreover, the high scores in dimensions and comfort can be directly
linked to the bespoke nature of the custom orthoses. The utilization of advanced 3D
scanning technology ensured impeccable contouring to the patients’ limbs and foot soles,
thereby eliminating unnecessary pressure points and achieving optimal fit. This precision
in customization not only elevates user comfort, but also enhances the functional efficacy
of the orthoses in facilitating mobility and ensuring gait stability. Comparative studies,
such as those by Cha et al. [27] and Chae et al. [45], have similarly reported a preference
for 3D-printed AFOs in terms of comfort and fit. Conversely, the study by Fu et al. [90],
comparing standard hinged AFOs with those produced via AM, underscores the necessity
for improvements in certain areas, particularly the orthoses’ weight. The lower score
observed for weight in a study by Fu et al. [90] highlights the ongoing imperative to refine
material selection and design in the AM of AFOs. Collectively, these findings underscore
the critical role of patient-centered design in orthotic development, where customization
and material choice are key to improving user experience. The integration of tools like
the QUEST into clinical practice offers invaluable insights for healthcare professionals,
allowing for a deeper understanding of patient needs and preferences. This understanding
is crucial in guiding the selection and design of more effective and comfortable orthotic
solutions in rehabilitation contexts.

4.6. Cost of Fabrication

While the results are promising, they also underscore the challenges associated with in-
tegrating new technologies into clinical practice. The initial costs of equipment and training,
along with the need to adapt clinical workflows to accommodate these technologies, are
significant considerations. Although the present study did not include long-term follow-up
data, existing evidence suggests that personalized orthotic solutions may contribute to
improved patient outcomes over time. In addition, reduced material waste and faster
production times associated with digital fabrication workflows indicate a potential for
a favorable return on investment. In the context of AFOs, the financial implications are
particularly noteworthy. Traditional custom AFOs, tailored to each patient’s specific needs
through a manual process, are often associated with higher production costs, largely due to
labor-intensive fabrication workflows [13]. These custom devices, designed for a precise
fit and maximum efficacy, reflect the extensive assessment, molding, and adjustments per-
formed by prosthetic-orthotic professionals. On the other hand, prefabricated AFOs present
a more economical option [91]. These mass-produced units, available in standard sizes, are
significantly more affordable than custom AFOs, catering to less complex conditions or
serving as temporary solutions. Nevertheless, they offer less customization. For instance,
in creating CO AFOs using Nylon 12, the average material cost was determined to be
2.87 euros. It should be noted that this value reflects material consumption only and does
not account for additional costs such as equipment acquisition, software licensing, operator
training, or labor time. Therefore, the present cost estimation should be interpreted as a
partial indicator rather than a comprehensive economic analysis. Despite these additional
costs, the use of AM in AFO production has the potential to reduce material waste and
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shorten manufacturing time, which may contribute to improved efficiency in the long
term [92], thereby offering a more sustainable and efficient approach in the long run.

Adopting these new technologies in clinical settings, therefore, represents a balance
between initial investment and long-term gains. While a direct comparison with the costs
of traditional handcrafted AFOs was beyond the scope of this study, and the upfront
investments in equipment and training may be substantial, the advantages associated
with additive manufacturing—particularly regarding personalized patient care, digital
workflows, and resource efficiency—support its potential as a scalable and sustainable
solution for orthotic fabrication. As the technology matures and becomes more integrated
into clinical practice, it is expected that the costs will become more manageable, further
enhancing its viability as a tool for orthotic fabrication.

5. Conclusions
This research marks a transformative step forward in the field of stroke rehabilitation,

showcasing the extraordinary potential of integrating advanced 3D scanning and additive
manufacturing technologies in the creation of ankle-foot orthoses. The application of a
novel photogrammetric 3D scanner in the fabrication of custom orthoses with AM not only
embodies the cutting edge of technological advancement, but also represents a significant
leap in personalized patient care. By meticulously comparing these AM custom orthoses
with standard prefabricated orthoses, this study offers unparalleled insight into biome-
chanical and qualitative differences, illuminating the profound impact of tailored orthotic
solutions on stroke survivors’ gait dynamics and overall quality of life. We acknowledge
that, while the insights derived from this study are meaningful, they are drawn from a
relatively small sample size. A larger cohort would undoubtedly enhance the robustness of
the findings and their applicability to a broader stroke survivor population. Furthermore,
it is important to clarify that the absence of functional evaluation with patients walking
barefoot was not an oversight but a necessary adaptation to the inherent limitations faced
by this study population. Stroke patients often cannot walk without the support of an AFO,
making such assessments unfeasible.

Despite these limitations, the present study provides practical evidence supporting the
clinical feasibility and biomechanical relevance of personalized AFOs produced through
photogrammetric 3D scanning and additive manufacturing. The results suggest that this
integrated approach may contribute to improved gait mechanics and high levels of user
satisfaction in stroke rehabilitation. These findings support the need for future studies
with larger and more homogeneous samples to further validate and expand upon the
observed outcomes.
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