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Abstract

Three-dimensional (3D) printing holds great promise for creating patient-specific
rehabilitative devices. While previous studies have demonstrated that behavioral
interventions can induce cortical reorganization in stroke, direct evidence that a
device alone—specifically, a patient-specific 3D-printed orthotic—can modulate
brain function remains lacking. This proof-of-concept case series bridges this gap
by integrating a complete digital workflow—from upper limb 3D scanning to
stereolithography (SLA) fabrication of a custom hand orthotic—with longitudinal
multimodal functional magnetic resonance imaging (fMRI) to assess cortical
reorganization in chronic stroke. Four patients participated, with two index cases
wearing the 3D-printed orthosis daily for four months alongside conventional
rehabilitation, while two reference patients underwent conventional therapy only.
Pre- and post-intervention neuroimaging revealed consistent, orthosis-associated
neural changes: enhanced activity in the primary somatosensory cortex and greater
functional integration within sensorimotor networks. Structural adaptations in
motor regions were also observed in both index cases. Quantitatively, the index
cases exhibited functional changes in nine brain regions and structural changes in
six regions, substantially exceeding the minimal changes observed in the reference
cases. This work provides the first direct evidence that a 3D-printed, patient-specific
orthotic can drive targeted neuroplasticity independent of intensive behavioral
coaching, validating its role not merely as a passive assistive device but as an active
neuromodulatory tool. It establishes a translational framework for using objective
neuroimaging biomarkers to guide the development and personalization of
3D-printed interventions in neurorehabilitation.

Keywords: 3D printing; Additive manufacturing; Stroke rehabilitation; Neuromodulation;
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1. Introduction

Three-dimensional ~ (3D)  printing, or  additive
manufacturing, is revolutionizing personalized medicine
by enabling the rapid fabrication of anatomical structures
and medical devices tailored to the individual patient.'”
In neurorehabilitation, this technology holds particular
promise for creating patient-specific orthotics that perfectly
conform to a patients unique morphology, potentially
improving comfort, adherence, and biomechanical
efficacy. Upper limb motor impairment, affecting up to
80% of stroke survivors, represents a prime target for such
personalized interventions.*®

A growing body of work has begun to explore the
application and effect of 3D printing in this domain.>**
Cui et al.'® reviewed a large body of literature and found
that 3D-printed, patient-specific orthoses can prevent and
correctupperlimb deformities, maintainlimbsin functional
positions, provide traction to prevent joint contractures,
partially compensate for the function of disabled muscles,
and aid in the treatment of upper limb motor dysfunction.
Ang et al' demonstrated, through a combination of
design and experimentation, that 3D-printed wrist
orthoses can effectively restore at least 70% of the range
of motion in healthy individuals. Zheng et al.'* compared
the rehabilitation effects of low-temperature thermoplastic
splints and 3D-printed orthoses, finding that 3D-printed
orthoses were superior in reducing spasticity and swelling
in stroke patients, improving wrist joint motor function,
and enhancing the passive extension range of the wrist
joint compared to low-temperature thermoplastic splints.
However, the existing evidence remains largely confined to
peripheral assessments of motor performance, symptom
improvement, comfort, and biomechanical function.

Parallel to this line of device-focused research, a separate
and well-established body of work has demonstrated that
the central nervous system retains significant plasticity
and can be remodeled by rehabilitation. Seminal work by
Levy et al.,"” using constraint-induced movement therapy
(CIMT), provided functional MRI evidence that intensive
behavioral protocols can induce cortical reorganization
in chronic stroke patients. This discovery fundamentally
alters the understanding of stroke recovery, demonstrating
that the adult brain can undergo significant reorganization
through targeted behavioral therapy.

However, these prior demonstrations of neuroplasticity
have emerged almost exclusively from therapist-intensive
behavioral interventions. Whether a device alone—
specifically, a patient-specific 3D-printed orthotic
engineered for optimal biomechanical interaction—can
serve as a sufficient driver of neuroplasticity remains

entirely unexplored. This distinction is critical: if a
device can actively engage neural circuits without
requiring constant therapist guidance, it would have
profound implications for scalability, accessibility, and
the mechanistic understanding of how physical interfaces
with the body influence brain reorganization. Therefore,
the innovation of the present study lies in showing that
a precisely engineered, personalized orthotic can be an
active agent in that process, independent of intensive
behavioral coaching. This represents a fundamental shift
from intervention-as-behavior to intervention-as-device.

Resting-state functional magnetic resonance imaging
(fMRI) provides a powerful, non-invasive method to
quantify such brain plasticity. By measuring intrinsic
neural activity through blood-oxygen-level-dependent
(BOLD) signals,”® it can reveal reorganization within
functional networks.’* To capture a comprehensive
picture, we employed a multimodal fMRI approach,
analyzing the amplitude of low-frequency fluctuations
(ALFF), its fractional component (fALFF), and regional
homogeneity (ReHo). This combination allows for the
concurrent assessment of local metabolic intensity and
functional coherence, offering complementary insights
into both functional and structural aspects of neuroplastic
change.

Here, we present a proof-of-concept case series that
bridges this critical gap between advanced manufacturing
and systems neuroscience. We aimed to characterize
the cortical reorganization induced by a 3D-printed,
patient-specific hand orthotic in chronic stroke patients.
By integrating a complete digital design-and-fabrication
workflow with longitudinal, multimodal fMRI, this study
seeks to provide the first direct evidence that a 3D-printed
medical device can, independent of intensive behavioral
coaching, elicit specific and measurable neurobiological
effects, thereby establishing a foundational framework for
biologically informed design and personalized application
in neurorehabilitation.

2. Case presentation
2.1. Descriptions

All cases were patients of the Department of Rehabilitation,
Shanghai Xuhui Central Hospital. Consent was obtained
from all patients prior to their participation for using
their personal data for research purposes. This study was
conducted in strictadherence to the Declaration of Helsinki,
and this study was approved by the Ethics Committee of
Shanghai Xuhui Central Hospital. All data were processed
in an irreversible and anonymous manner, and the risks
posed to participants in this study are minimal.
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2.1.1. Patients receiving combined 3D-printed
orthotic and conventional therapy (index cases)

Case 1 was a 66-year-old female suffering from intracerebral
hemorrhage, with lesion located at the right basal ganglia
region. The patient underwent a 4-month intervention
with a patient-specific hand orthosis, combined with
conventional upper limb rehabilitation therapy.

Case 2 was a 72-year-old male suffering from cerebral
infarction, with lesion located at the left temporal and
parieto-occipital lobes. The patient underwent a 4-month
intervention with a patient-specific hand orthosis,
combined with conventional upper limb rehabilitation
therapy.

2.1.2. Patients receiving conventional therapy alone
(reference cases)

Case 3 was an 87-year-old male suffering from
intracerebral hemorrhage, with lesion located at the right
basal ganglia and frontotemporal lobes. During the same
period, the patient received only conventional upper limb
rehabilitation therapy, serving as a reference for observing
the natural recovery process of brain changes.

Case 4 was a 69-year-old male suffering from cerebral
infarction, with lesion located at the right basal ganglia
region. During the same period, the patient received only
conventional upper limb rehabilitation therapy, serving as
a reference for observing the natural recovery process of
brain changes.

2.2. Device fabrication and mechanical validation

The orthosis shown in Figure 1 is patient-specific for each
individual participant. The process began with scanning

the patient’s upper limb using the Go!Scan optical scanner
(Creaform Inc., Canada). The resulting 3D model of the
upper limb was imported into Geomagic Studio software
for repair, followed by modeling in Unigraphics NX
software. Subsequently, the model was sliced in UNIZ
Desktop software and 3D-printed using the UNIZ Slash
Pro stereolithography printer. This printer offers a precision
of up to 20 pm, with adjustable layer thickness resolution
options of 10, 25, 50, 100, 150, 200, and 300 pm. It achieves
a maximum printing speed of 200 mm/h, making it a
device that combines both high precision and speed. The
material used was medical-grade photosensitive resin,
specifically the Zabs (UNIZ) model, which is safe, non-
toxic, and exhibits minimal allergenicity and irritation.
It also possesses excellent mechanical properties and a
high surface finish. Printed at a speed of 200 mm/h, the
orthosis underwent secondary curing in a SimpNeed
curing chamber to complete the fabrication. Before each
use, the surface of the orthosis was wiped with 70% ethanol
for disinfection and sterilization.

Material testing. Tensile tests were performed on
standardized specimens (n = 5 per condition) fabricated
using the same printer and resin as the orthotics (Figure
2A). The testing was conducted in adherence to the Chinese
national standards (GB/T 1040.1-2018, GB/T 1040.2-
2006) using a AGS-X-300kN electronic universal testing
machine produced by Shimadzu Instrume (Suzhou) Co.,

Ltd.

Finite element analysis. A 3D model of the orthotic was
imported into the Abaqus software (Dassault SIMULIA,
Providence, Rhode Island, USA). A static torque of 14.81
N-m was applied to the palmar region to simulate wrist

Figure 1. The orthotic developed independently by our team (A) and its appearance after use (B)
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Figure 2. Standard specimen used in tensile test (A) and schematic diagram of force application (B)

flexion in patients,® while constraints were imposed on
the wrist contact surface to replicate real-world wearing
conditions (Figure 2B). The von Mises stress distribution
was calculated and compared with the material yield
strength obtained from tensile tests.

2.3. Treatment procedure

In a 4-month intervention, the patients in reference cases
received conventional rehabilitation treatments, including
physical therapy and occupational therapy, for 2 to 3
h daily, 5 days a week. In addition to the conventional
rehabilitation treatment, the patients in index cases wore
the orthosis for 4-8 h daily, 5 days a week. Each subject
underwent fMRI data collection both at baseline (month
0) and after the rehabilitation treatment (after 4 months).
The detailed process is shown in Figure 3.

2.4.fMRI imaging acquisition

MRI data were acquired using a 1.5 Tesla Siemens scanner
(Siemens Healthineers, German). For each participant, we
obtained:

(i) Structural images: T1-weighted MPRAGE sequence
(TR/TE = 2200/2.86 ms, flip angle 8°, voxel size 1 x 1
x 1 mm?, 176 sagittal slices).

(ii) Resting-state functional images: Gradient-echo EPI
sequence (TR/TE = 2300/30 ms, flip angle 90°, voxel
size 3.5 x 3.5 x 3.5 mm?, 36 axial slices, 120 volumes, 4
min 44 s).

During functional scans, patients were instructed to
keep their eyes closed, remain awake, and lie still. Total
acquisition time was approximately 11 min per session.

Detailed sequence parameters are available upon request.

2.5. fMRI imaging processing

All MRI data were processed using DPABI (V4.3, Institute
of Psychology, Chinese Academy of Sciences, China).
Functional images were preprocessed using DPARSF
including: removal of the first 10 volumes, slice timing
correction, head motion correction, co-registration to
structural images, spatial normalization to MNI space (3
x 3 x 3 mm®), and smoothing (4-mm FWHM Gaussian
kernel). Linear detrending was applied. For ALFF and
fALFF analyses, the unfiltered low-frequency signal was
used. For ReHo analysis, band-pass filtering (0.01-0.08
Hz) was applied to remove physiological noise. Structural
images were processed using DPABISurf within a Docker
environment for cortical surface reconstruction. Quality
control excluded datasets with excessive head motion (>2.5
mm translation or >2.5° rotation). Given the within-subject
design, paired-sample analyses were performed to compare
pre- and post-intervention metrics. Multiple comparison
correction was applied at the cluster level (FWE-corrected
p < 0.05). Baseline comparisons confirmed no significant
differences between index and reference cases prior to
intervention.

3. Results

3.1. Mechanical validation of the 3D-printed
orthotic

Material testing confirmed that the photosensitive resin
exhibited a tensile strength of 34.28 MPa and an elastic
modulus of 678.82 GPa. Finite element analysis showed
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Figure 3. Treatment and experimental procedure

Figure 4. Finite element analysis results

that under simulated gripping load, the maximum von
Mises stress in the orthotic was 53.25 MPa (Figure 4),
which is lower than the material’s yield strength (68.9
MPa). Given that the load parameters applied in this study
significantly exceed the realistic load conditions, the device
can withstand daily use without mechanical failure. This
also ensures the accuracy of subsequent fMRI experiments.

3.2. Brain function results

For the brain images presented in Figures 5-7, warm-
colored regions (red) indicate brain areas where the activity
intensity post-treatment is higher than pre-treatment; cool-
colored regions (blue) indicate areas where the activity
intensity pre-treatment is higher than post-treatment.

Regarding the somatosensory and temporal regions,
Increased neural activity was consistently observed in the
primary somatosensory cortex (right postcentral gyrus), as
reflected by elevated fALFF values in Figure 5. Temporal
lobe regions, including the bilateral inferior temporal
gyrus, right middle temporal gyrus, and left superior
temporal gyrus, also exhibited enhanced activity across
multiple metrics (ALFF/fALFF). These findings suggest

augmented sensory processing and integration following
orthotic use.

Regarding parietal and occipital regions, the right
superior occipital gyrus, left angular gyrus, and right
supramarginal gyrus showed increased fALFF or ReHo,
indicating enhanced functional coherence within
visuospatial and somatosensory association networks.

Regarding frontal region, increased ReHo in the left
inferior frontal gyrus suggests improved local functional
synchronization (Figure 6), potentially related to motor
planning or attention.

In contrast, the reference cases demonstrated minimal
changes, with only three regions showing alterations (left
supramarginal gyrus, right inferior parietal lobule, and left
middle occipital gyrus), as shown in Figure 7.

3.3. Brain structure results

Structural changes were observed predominantly in the
index cases, as shown in Figure 8. Key findings include
increased cortical measures in motor-related regions,
namely the left precentral gyrus (primary motor cortex)
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Figure 5. Brain region functional imaging results of the index cases. (A) Differences in ALFF brain regions before and after treatment of the index cases.
(B) Differences in fALFF brain regions before and after treatment of the index cases.

Abbreviations: ALFF: Amplitude of low-frequency fluctuations; fALFF: Fractional amplitude of low-frequency fluctuation.

Figure 6. Differences in regional homogeneity (ReHo) brain regions before and after treatment of the index cases
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Figure 7. Brain region functional imaging results of the reference cases. (A) Differences in ALFF brain regions before and after treatment of the reference
cases. (B) Differences in fALFF brain regions before and after treatment of the reference cases. (C) Differences in ReHo brain regions before and after

treatment of the reference cases.

Abbreviations: ALFF: Amplitude of low-frequency fluctuations; fALFF: Fractional amplitude of low-frequency fluctuation; ReHo: Regional homogeneity.

Figure 8. Brain region structural imaging results. (A) ALFF cortical surface projection maps before and after treatment in the index cases. (B) fALFF
cortical surface projection maps before and after treatment in the index cases. (C) ReHo cortical surface projection maps before and after treatment in the
index cases. (D) fALFF cortical surface projection maps before and after treatment in the reference cases. The purpose of the red squares is to mark the

areas where structural changes have occurred.

Abbreviations: ALFF: Amplitude of low-frequency fluctuations; fALFF: Fractional amplitude of low-frequency fluctuation; ReHo: Regional homogeneity.

and left superior frontal gyrus (adjacent to supplementary
motor area). Additionally, structural enhancement was
noted in the left postcentral gyrus (somatosensory cortex)
and left middle temporal gyrus, which are the regions
showing functional changes.

In the reference cases, only the left middle occipital
gyrus exhibited structural alteration, with a negative peak

intensity indicating decreased measures post-intervention.

4. Discussion

After compilation, functional imaging alterations were
observed in 11 distinct brain regions, as detailed in Table
1. Based on the results of brain function imaging, we found
that in the index cases, the neural activity in the right
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Table 1. The brain regions showing differences in functional imaging between the two groups before and after treatment

MNI coordinate (mm)

Brain region with the highest peak Peak Voxel BA  Laterality
X Y Z
Index cases
Superior temporal gyrus + 440 41 Left —-48 —42 15
ALFE p poral gy
Middle temporal gyrus + 94 21 Right 57 -39 -15
Postcentral gyrus + 232 2 Right 18 —48 63
Middle temporal gyrus + 99 21 Right 60 —45 0
fALFF § 8
Inferior temporal gyrus + 81 20 Left -60 -24 -24
Superior occipital gyrus + 69 18 Right 21 -96 6
Angular gyrus + 193 39 Left =51 —66 30
Inferior frontal gyrus + 134 44 Left -54 15 9
ReHo
Cuneus + 95 18 Left -3 -87 30
Supramarginal gyrus + 91 40 Right 45 —45 30
Reference cases
ALFF Supramarginal gyrus + 412 40 Left -60 —48 33
FALEF Areas of the brain beneath the parietal lobe, besides the supramarginal 73 40 Right 51 _s1 54
gyrus and angular gyrus
ReHo Middle occipital gyrus + 315 19 Left -39 -75 9

Abbreviations: ALFF: Amplitude of low-frequency fluctuations; BA: Brodmann area; fALFF: Fractional amplitude of low-frequency fluctuation; ReHo:

Regional homogeneity.

hemisphere postcentral gyrus significantly increased after
treatment. The postcentral gyrus, located in the parietal
lobe of the brain and posterior to the central sulcus, is
the primary somatosensory cortex (S1), adjacent to the
primary motor cortex. S1 is a key area for processing
somatosensory information. Meier et al.*' conducted an
fMRI experiment where participants wore a motion-
controlled hand exoskeleton and observed significant
activation in the S1 region. This indicates that the S1 region
can directly receive and process sensory information from
the hand, such as touch, pain, and itch. In our experiment,
the 3D-printed, patient-specific orthosis kept the patient’s
palm in a resting position while providing continuous
contact on the palm’s inner side, which, with long-term
use, enhanced the patient’s tactile sensation. Consequently,
the activation of the S1 region was observed in the brain
function imaging. Many scholars believe that activation
of brain regions related to specific tasks can aid in the
functional recovery of the brain in stroke patients.'”*>*
Currently, there are two views on brain function recovery
in stroke patients. Some scholars believe that damaged
neurons can be repaired,*** thereby restoring brain
function. However, this view has been challenged in recent
years. It has been argued that the repair capacity of neurons
is very limited, and recovery occurs primarily through the
reorganization of new neurons, which replace the function

of the damaged neurons.”®”” Constraint-induced therapy,
such as wearing a 3D-printed orthosis, is believed to
accelerate the process of new neuron reorganization, thus
facilitating recovery.”

Furthermore, this activation phenomenon also reflects
the compensatory strategy in brain repair,*® wherein
more extensive and diffuse activation of both motor and
non-motor regions near the damaged motor area occurs
to compensate for lost motor function, a phenomenon
known as the recruitment effect. During stroke recovery,
in order to avoid spasms during movement, widespread
recruitment effects occur across various brain regions.”
After treatment, five brain regions in the index cases
showed increased ALFF or fALFF values, displaying
brighter blood oxygen level-dependent (BOLD) signals in
larger areas, compared to only two regions in the reference
cases. This suggests that new neurons were activated to
form new pathways to compensate for lost connections,
promoting further functional recovery of the brain.

In contrast, the reference cases showed fewer brain
regions with changes after treatment, and these changes
were less associated with movement and tactile sensations.
Most of the brain region changes observed in the reference
cases were also seen in the index cases. The total number
of changed brain regions in the index cases was three times
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Table 2. The brain regions showing differences in structural imaging between the two groups before and after treatment

MNI coordinate (mm)

E:;l::;f:ﬂ with the Peak Laterality ~Neural networks g:::;;‘ A% peak index
X Y z
Index cases
ALFF Superior frontal gyrus + Left Frontoparietal network ~ 24.80 4109 -20 62 2
Precentral gyrus + Left Default network 22.88 8655 -39 10 39
fALFF ~ Middle occipital gyrus - Left Visual network 25 9667 -21 -100 -4
Lingual gyrus - Right Visual network 22.19 2494 12 -83 -9
Postcentral gyrus + Left Somatomotor network ~ 21.86 4513 -49 -19 39
ReHo Middle temporal gyrus + Left Default network 22.64 7048 -53 -7 -25
Middle occipital gyrus - Left Visual network 45.24 6909 -22 -98 10
Reference cases
fALFF Middle occipital gyrus - Left Visual network 25 9667 7 -107 25

Abbreviations: ALFF: Amplitude of low-frequency fluctuations; fALFF: Fractional amplitude of low-frequency fluctuation; ReHo: Regional homogeneity.

greater than that in the reference cases, indicating that
wearing a 3D-printed orthosis on top of conventional upper
limb therapy further enhances the patients rehabilitation
outcome.

Structural imaging alterations were observed in six
distinct brain regions, as detailed in Table 2. From the
results of brain structural imaging, the changes in each
brain region show certain differences compared with
functional imaging. The most significant difference is the
simultaneous observation of enhanced neural activities
in the left precentral gyrus and superior frontal gyrus.
The precentral gyrus is located in front of the central
sulcus of the frontal lobe of the brain and is the main
component of the primary motor cortex (M1), which is
directly responsible for functions such as the execution,
coordination, and feedback of upper-limb movements in
the human body. After administering training for hand
motor functions using virtual reality devices, Schuster-
Amft et al.” found a significant activation phenomenon
in the M1 area of the patients’ brains. The superior frontal
gyrus is located in the upper part of the frontal lobe of the
brain, adjacent to the supplementary motor area (SMA)
and the premotor area (PMA). It is an area between
motor and cognitive functions, mainly engaged in motor
planning and decision-making, providing conditions for
fine hand movements. After four months of wearing the
orthosis, the patients’ palms were fixed in the extended
position, which avoided palm spasm, contracture, and the
increment of muscle tone, thereby enhancing the hand
motor functions. In addition, most fine hand movements
involve the fingers. 3D-printed orthosis can spread out
the five fingers of the patients and provide continuous

support, further enhancing the fine motor ability of
fingers. Based on the theory of neural plasticity, after a
stroke, the levels of many growth factors increase within
a few weeks. Through mechanisms such as neurogenesis,
synaptogenesis, angiogenesis, reduced apoptosis, stem
cell proliferation, and immune regulation, spontaneous
neural reorganization is promoted, enabling compensatory
adaptations of the brain to injury.*** Therefore, through
continuous physical support for the hands, neural activities
in the precentral gyrus and superior frontal gyrus of the
patients are jointly enhanced.

In the reference cases, the only brain region with
structural changes after treatment was the middle occipital
gyrus. Since structural changes require long-term and
strong stimulation, the areas with structural improvement
are usually fewer than those with functional improvement.
The total number of brain regions with changes in two
patients in the index cases was six times that in the
reference cases. Due to the lack of the restricted movement
and orthopedic functions of patient-specific orthoses
in the reference cases, the structural improvement was
generally poor.

These findings establish a critical translational link
between an advanced manufacturing technique and a
measurable neurobiological outcome. By demonstrating
that a 3D-printed, patient-specific orthotic can induce
functional and structural reorganization within
sensorimotor networks, we provide the first direct
evidence that additive manufacturing can be leveraged not
only for anatomical customization but also for targeted
neuromodulation.
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Two specific attributes of the 3D-printed device, which
distinguish it from conventional static splints, likely
contributed to these neural effects. First, the anatomical
precision achieved through 3D scanning ensures a near-
perfect fit, providing continuous, congruent sensory input
to the palmar surface. This sustained tactile stimulation—
impossible with ill-fitting conventional splints—directly
accounts for the observed S1 activation. Second, the design
freedom afforded by stereolithography-based fabrication
a lightweight, hollowed structure that minimizes patient
burden while maintaining mechanical integrity. This
reduced biomechanical interference allows patients to
engage in more natural movement attempts, potentially
facilitating the recruitment of motor planning regions such
as the superior frontal gyrus.

The implications for the field of 3D printing in
medicine are significant. Our work moves the application
of this technology in rehabilitation from a “form-fitting”
paradigm to a “function-eliciting” paradigm. For engineers
and clinicians, this suggests that future design optimization
can be biologically informed. Parameters such as contact
surface texture (to modulate tactile stimulation) or precise
joint angulation (to influence proprioceptive input and
motor planning) can now be iterated with the explicit goal
of maximizing desirable neural responses, as quantified by
fMRI biomarkers like ALFF or ReHo.

Asaproof-of-concept case series, this study has inherent
limitations, including a small sample size and the absence
of concurrent standardized clinical outcome measures,
which precludes definitive correlation between neural
changes and functional gains. However, within the context
of exploratory translational research, these limitations
are offset by the unique value of providing an in-depth,
mechanistic validation of a 3D-printed medical device.
The detailed neurophenotyping serves as an essential
hypothesis-generating resource for the interdisciplinary
community. In the future, we will expand the sample size
and conduct more intensive experiments using iteratively
improved orthoses to further verify their impact on the
brain.

5. Conclusion

This proof-of-concept case series provides foundational
neuroimaging evidence that a 3D-printed, patient-specific
hand orthotic can function as an active neuromodulatory
device in stroke rehabilitation. By integrating longitudinal,
multimodal resting-state fMRI (employing ALFF, fALFF,
and ReHo analyses) in index patients who received
the orthotic intervention alongside reference cases, we

directly visualized its central effects. The intervention
was associated with consistent and targeted cortical
reorganization. Quantitatively, the index cases exhibited
functional changes in nine brain regions and structural
changes in six regions, substantially exceeding the minimal
changes observed in the reference cases. Key findings
include significantly enhanced neural activity within
the primary somatosensory cortex and more extensive
functional integration across sensorimotor networks
compared to conventional therapy. Notably, structural
adaptations in motor-planning regions were also observed.
These changes, which were markedly more widespread
than those seen with standard care, align with the
proposed dual mechanism of augmented tactile feedback
and stabilized functional posture facilitated by the custom-
fit device.

Collectively, this work establishes a crucial translational
link between additive manufacturing and measurable
neuroplasticity. Critically, it provides the first evidence
that a precisely engineered, personalized device can
drive targeted neuroplasticity independent of intensive
behavioral coaching—a fundamental shift from
intervention-as-behavior to intervention-as-device. This
moves the application of 3D-printed orthotics beyond
anatomical customization into the realm of targeted
neuromodulation. The identified fMRI signatures offer
objective biomarkers for future research, paving the way
for a new paradigm of biomarker-guided, personalized
neurorehabilitation.
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