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ABSTRACT

Background. Foot drop produces loss of swing-phase toe clearance, compensatory gait deviations and a raised
risk of falling. Conventional physiotherapy and static ankle—foot orthoses stabilise limb position but deliver little
repetitive joint excursion, and the therapeutic dose achieved between supervised sessions is small. A motorised
splint capable of delivering programmed passive dorsiflexion could raise that dose without additional therapist
time.

Objectives. To determine whether adding an in-house automated motorised dorsiflexion splint to conventional
physiotherapy improves ankle dorsiflexion range of motion, plantarflexor tone and overground gait performance
more than physiotherapy alone, and to assess device safety, comfort and usability.

Methods. Fifty adults with clinically confirmed unilateral foot drop of at least one month’s duration were recruited
from the orthopaedic and rehabilitation outpatient services of a tertiary teaching hospital and allocated by alternate
sequential assignment to an intervention group (n = 25; motorised splint plus conventional physiotherapy) or a
control group (n = 25; conventional physiotherapy alone). The splint delivered microcontroller-timed passive
dorsiflexion cycles for 20-30 minutes daily, five days weekly, for 12 weeks. Primary outcomes were goniometric
passive ankle dorsiflexion range of motion and the Modified Ashworth Scale; the secondary outcome was the 10-
metre walk test. Comfort, satisfaction and adverse events were recorded.

Results. Groups were comparable at baseline. At 12 weeks the intervention group gained 10.36° (95% CI 8.98—
11.74) of dorsiflexion versus 3.31° (2.22—4.41) in controls, a between-group difference of 7.05° (5.33-8.77; p <
0.001; Cohen d = 2.33). Modified Ashworth Scale scores fell by 0.86 versus 0.31 grades (difference —0.56, —0.74
to —0.38; p<0.001) and 10-metre walk time by 5.61 s versus 2.22 s (difference —3.40 s, —4.53 to —2.26; p <0.001).
A dorsiflexion gain of 10° or more was reached by 16 of 25 intervention patients and none of the controls (p <
0.001). Mean comfort was 8.37/10; adverse events were minor and evenly distributed (12% versus 8%, p = 1.00),
with no withdrawals.

Conclusion. Programmed passive dorsiflexion delivered by a low-cost motorised splint produced clinically and
statistically superior gains in ankle mobility, tone and gait speed compared with physiotherapy alone over 12
weeks, with a favourable safety and tolerability profile. Confirmation in a randomised, assessor-blinded
multicentre trial with instrumented gait analysis and longer follow-up is warranted.

KEYWORDS: foot drop; passive dorsiflexion; motorised splint; ankle—foot orthosis; rehabilitation robotics;
spasticity; gait; range of motion

1. INTRODUCTION

Foot drop describes the inability to raise the forefoot against gravity because of weakness or paralysis of the ankle
and toe dorsiflexors. It is a functional syndrome rather than a single diagnosis, and its unifying mechanical
consequence is failure of swing-phase toe clearance. Patients compensate by exaggerating hip flexion,
circumducting the limb or vaulting over the contralateral forefoot, and the resulting gait is slower, more variable
and metabolically more expensive than normal walking [1]. Loss of controlled eccentric plantarflexion at initial
contact also produces a characteristic foot slap that further destabilises early stance.

The aetiological spectrum is broad. Injury to the common peroneal nerve at the fibular neck, L4-L5 radiculopathy,
upper motor neuron lesions from stroke or traumatic brain injury, spinal cord injury, inherited and acquired
myopathies, and iatrogenic nerve injury during surgery about the knee and proximal leg all converge on the same
clinical picture [1,2]. Among neurological causes, stroke predominates: a substantial minority of survivors retain
dorsiflexor weakness sufficient to impair gait and increase fall risk, and peroneal neuropathy of traumatic,
compressive or diabetic origin accounts for most of the remainder [2,3].
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The consequences extend well beyond gait mechanics. Reduced walking speed and endurance restrict community
ambulation, and the fall risk conferred by inadequate toe clearance carries its own morbidity, particularly in older
patients [1,4]. Perhaps more importantly for the orthopaedic surgeon, the ankle held persistently in plantarflexion
undergoes predictable soft-tissue adaptation. Sarcomere loss in the gastrocnemius—soleus complex, shortening of
the Achilles tendon and capsular contracture progressively convert a dynamic neurological deficit into a fixed
equinus deformity. Once established, that deformity limits what any neural recovery can deliver and may
ultimately require surgical lengthening or tendon transfer.

Conservative management therefore has two distinct aims: to substitute for absent dorsiflexion during walking,
and to preserve the passive excursion of the ankle so that recovery remains possible. Static and articulated ankle—
foot orthoses address the first aim well, holding the foot in a neutral or slightly dorsiflexed position and
demonstrably improving the stability of hemiparetic gait [5]. They do not, however, mobilise the joint; a rigid
orthosis maintains position precisely by preventing excursion. Functional electrical stimulation and peroneal nerve
stimulators actively generate dorsiflexion during swing and improve walking speed, but they require intact
peripheral nerve and neuromuscular junction, are relatively costly, and their benefit over a well-fitted orthosis is
modest in pooled analyses [2,3,7].

Supervised physiotherapy remains the foundation of care, combining passive stretching, dorsiflexor strengthening,
balance work and gait re-education. Its principal weakness is one of dose. Manual passive stretching is variable in
amplitude, hold time and frequency between therapists and between sessions, is limited by the fatigue of both
patient and clinician, and in most Indian tertiary centres is available for only a few tens of minutes on a subset of
days. Between visits the ankle is largely immobile, and stiffness accrues in precisely those intervals. Rehabilitation
science increasingly recognises that repetition and cumulative dose, rather than the specific exercise chosen, drive
both soft-tissue adaptation and neuroplastic change [24,25,29].

Powered ankle devices have emerged to close this gap. Pneumatic and shape-memory-alloy actuated orthoses
assist dorsiflexion during swing and improve gait symmetry and foot clearance in real time [4,12]. Robot-assisted
gait trainers with dorsiflexion assistance improve walking independence, motor recovery and confidence in weight
bearing after stroke [8,11], and both the intensity and the frequency of robotic ankle training appear to modulate
the magnitude of recovery achieved [10]. Continuous passive motion applied to the ankle reduces soleus
hypertonia and increases passive dorsiflexion in spastic cerebral palsy [16], and home-delivered robotic ankle
training achieves outcomes comparable with laboratory-based training [17]. Systematic reviews of wearable ankle
robotics consistently report gains in peak swing-phase dorsiflexion, push-off propulsion and gait velocity, while
noting that most published devices are research prototypes whose cost, mass and complexity place them beyond
routine use in resource-constrained settings [11,20,23].

Two observations follow. First, the therapeutic mechanism most relevant to preventing contracture is not swing-
phase assistance during walking but repeated, controlled passive excursion of the ankle through its available range,
which can be delivered at rest and therefore does not depend on the patient being safe to ambulate. Second, a
device intended for a public tertiary hospital in a middle-income setting must be simple, inexpensive, fabricable
from locally available components and safe enough for use by ward staff and physiotherapists rather than
engineers.

We therefore designed and fabricated an automated motorised foot-drop splint that mounts on a conventional rigid
orthosis and delivers programmed passive dorsiflexion cycles under microcontroller control, with torque
limitation, angle sensing and an emergency stop. The present study tested the hypothesis that adding this device
to conventional physiotherapy would produce greater improvement in passive ankle dorsiflexion range of motion,
plantarflexor tone and overground gait performance than conventional physiotherapy alone, and evaluated its
safety, comfort and usability in routine clinical practice.

2. MATERIALS AND METHODS

2.1 Study design, setting and ethical approval

This was a prospective, two-arm, comparative interventional study conducted in the Department of Orthopaedics
and the associated rehabilitation unit of Saveetha Medical College and Hospital, a tertiary teaching hospital in
Thandalam, Chennai, India. Recruitment and follow-up spanned a 12-week intervention period for each
participant. The protocol was reviewed and approved by the Saveetha Medical College and Hospital Institutional
Ethics Committee (reference 008/09/2025/IEC/SMCH, 26 September 2025) and the study was registered
prospectively with the Clinical Trials Registry — India (CTR1/2026/03/106824). All procedures conformed to the
Declaration of Helsinki [39]. Written informed consent was obtained in English or Tamil, as preferred by the
participant, using a bilingual consent document that described the device, the expected benefits, the anticipated
adverse events and the unconditional right to withdraw. Reporting follows the CONSORT framework where
applicable to a non-randomised parallel-group design [40].

2.2 Participants

Adults presenting with clinically confirmed foot drop were screened consecutively. Eligibility criteria were as
follows.
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Inclusion criteria

* Age between 18 and 70 years.

* Clinically confirmed unilateral foot drop with dorsiflexor power of Medical Research Council grade 3 or less.
* Symptom duration of at least one month, ensuring the deficit was established rather than transient.

» Passive ankle dorsiflexion achievable to at least the neutral position or a fixed equinus of no more than 10
degrees, so that a passive excursion arc existed for the device to work within.

* Ability to comprehend the protocol and provide informed consent.

Exclusion criteria

» Fixed bony ankle deformity or established rigid equinus beyond 10 degrees.

* Active infection, open wound, ulceration or fragile skin over the leg or foot.

» Fracture of the ankle, leg or foot within the preceding three months, unless cleared by the treating surgeon.

* Severe osteoporosis or other condition predisposing to fragility fracture.

»  Known or suspected deep vein thrombosis, coagulopathy, or severe peripheral arterial disease of the affected
limb.

*  Modified Ashworth Scale grade 4 spasticity, or uncontrolled spasticity preventing safe passive mobilisation.

» Cognitive impairment precluding consent or cooperation, and pregnancy.

2.3 Group allocation

Eligible consenting participants were assigned to the intervention or control arm by alternate sequential allocation
in order of enrolment. Concealment of allocation and blinding of participants were not feasible, since the device
is visible and its use is self-evident to the patient. Outcome assessment was performed by the treating team and
was not blinded; this limitation is addressed in Section 4.5.

2.4 Device design and fabrication

The splint was designed and fabricated in-house in the institutional device laboratory. A commercially available
rigid posterior-shell ankle—foot orthosis served as the structural base, providing a validated interface with the leg
and a footplate that distributes load across the plantar surface. Three adjustable hook-and-loop straps at the
proximal calf, the ankle and the midfoot secured the limb and allowed fitting across a range of leg circumferences
without custom moulding.

Motion was generated by a small brushed direct-current geared motor mounted laterally at the level of the ankle
axis and coupled to the footplate through a cam-and-lever linkage, which converts continuous motor rotation into
a reciprocating dorsiflexion—relaxation arc. A programmable microcontroller governed the cycle, permitting
independent adjustment of the target dorsiflexion angle, the angular velocity, the dwell time at end range and the
number of cycles per session. Power was supplied by a rechargeable lithium-ion pack carried on a proximal cuff,
giving several sessions of use per charge and removing dependence on mains supply during therapy. The deliberate
combination of a validated rigid base with locally sourced low-power electronics reflects the prevailing emphasis
in wearable device engineering on minimal mass, modest power draw and simple robust sensing [30,31].

Three independent safety layers were incorporated, following established principles for the integration of general-
purpose actuators into rehabilitation devices [28]. A mechanical torque limiter in the drive train slips before the
applied moment can reach a level capable of straining the ankle ligaments. An angle sensor monitors joint
excursion in real time and halts the motor if the programmed limit is exceeded or if resistance rises abruptly, as
occurs during a spastic catch. A manually operated emergency stop within the patient’s reach interrupts the motor
circuit immediately. The functional architecture is summarised in Figure 1 and the fabricated device in clinical use
is shown in Figure 2. Component specifications and operating parameters are listed in Table 1.

Automated motorized foot-drop splint: functional architecture
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Figure 1. Functional architecture of the automated motorised foot-drop splint.
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A microcontroller times the actuation cycle and receives continuous angular feedback from the ankle sensor
(dashed path), while a mechanical torque limiter and patient-accessible emergency stop provide independent
protection at the motor stage.

Table 1. Specifications and operating parameters of the automated motorised foot-drop splint

Parameter Specification

Structural base Commercial rigid posterior-shell ankle—foot orthosis with plantar
footplate

Limb interface Three adjustable hook-and-loop straps (proximal calf, ankle,
midfoot); padded liner at bony prominences

Actuator Brushed DC geared micromotor, laterally mounted at the ankle axis

Transmission Cam-and-lever linkage converting motor rotation to reciprocating
dorsiflexion arc

Control Programmable microcontroller; adjustable target angle, angular
velocity, end-range dwell and cycle count

Power supply Rechargeable lithium-ion pack (nominal 7.4 V) on proximal cuff

Feedback Ankle angle / motion sensor with real-time excursion monitoring

Safety systems Mechanical torque limiter; sensor-triggered automatic cut-out on

abnormal resistance; manual emergency stop

Session parameters used | 20-30 min per session; target dorsiflexion arc titrated to individual
pain-free passive range; 2—-3 s end-range dwell

Treatment schedule Once daily, five days per week, for 12 weeks, under supervision
Approximate material Well below that of commercially available powered ankle orthoses;
cost all components locally sourced

Note: DC, direct current. Cost is reported qualitatively because component prices varied over the fabrication
period.

Figure 2. The fabricated device in clinical use.

(A) Anterolateral view showing the motor and cam-lever assembly mounted at the ankle axis of the rigid posterior-
shell orthosis, with the battery pack on the proximal cuff. (B, C) Seated application during a supervised non-
weight-bearing session. (D) Application with the limb supported on a footstool, the standard position used for
treatment sessions in this study.

2.5 Intervention protocol

Participants in the intervention group received device therapy in addition to the standard physiotherapy
programme. Each session was conducted in the rehabilitation unit under the supervision of a physiotherapist or
trained ward staff member, with the limb supported and non-weight-bearing. The target dorsiflexion arc was
titrated individually at the first session to the pain-free passive range determined by goniometry, and reviewed
weekly; the device was never programmed to exceed the range achievable comfortably on manual examination.
Each session lasted 20 to 30 minutes and was delivered once daily on five days per week for 12 weeks. Skin over
the strap contact areas and bony prominences was inspected before and after every session. The device was applied
only at rest; no ambulation, stair climbing or weight bearing was undertaken while it was mounted.

Both groups received the same conventional physiotherapy programme, comprising manual passive stretching of
the gastrocnemius—soleus complex, progressive strengthening of the dorsiflexors and other lower-limb muscle
groups, proprioceptive and balance training, and task-specific gait re-education. Control participants received this
programme alone at the same frequency, so that the difference between arms was the addition of programmed
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passive dorsiflexion rather than any difference in conventional therapy dose or in contact time with staff.

2.6 Outcome measures

Primary outcomes. Passive ankle dorsiflexion range of motion was measured with a standard universal
goniometer with the knee extended and the subtalar joint held in neutral to prevent midfoot substitution, the axis
aligned with the lateral malleolus, the stationary arm along the fibular shaft and the moving arm along the fifth
metatarsal. Dorsiflexion beyond the neutral position was recorded as positive and residual equinus as negative.
Goniometry remains the reference clinical method for joint excursion and is reliable when the technique is
standardised and the same examiner repeats the measurement [32,33]. Plantarflexor tone was graded on the
Modified Ashworth Scale from 0 to 4, assessed as resistance to brisk passive dorsiflexion with the knee extended;
grade 1+ was recorded as 1.5 for analysis. The scale is the most widely used clinical instrument for spasticity and
is sensitive to intervention-related change, although its ordinal structure and limited inter-rater agreement are
recognised [34,35].

Secondary outcome. Overground gait performance was assessed with the 10-metre walk test, timed over a marked
10-metre level walkway with 2-metre acceleration and deceleration zones, at self-selected comfortable speed,
using the patient’s habitual walking aid and footwear but without the motorised device. The mean of two trials
was recorded. Time in seconds was the primary expression of this outcome, with walking speed in metres per
second derived for comparison with the literature. The test has excellent test—retest reliability in neurological
populations and correlates closely with community ambulation [36,37].

Patient-reported and safety outcomes. At completion, intervention-group participants rated device comfort and
usability on an 11-point numerical scale from O (intolerable) to 10 (entirely comfortable), and rated overall
satisfaction on a four-level ordinal scale (excellent, good, fair, poor). Adverse events were solicited at every session
and classified as skin irritation, pain or discomfort, muscle spasm, or other. An overall functional outcome was
assigned at 12 weeks on a three-level ordinal scale by the treating team, integrating change in range of motion,
tone and gait: significant improvement, moderate improvement, or minimal to no improvement.

All outcomes were recorded at baseline before the first treatment session and again at the end of the 12-week
intervention period. No intermediate or post-intervention follow-up assessment was undertaken.

2.7 Sample size

The sample size was calculated for the primary outcome of ankle dorsiflexion range of motion. Assuming a
between-group difference of 6 degrees, a common standard deviation of 5 degrees, 80% power and a two-sided
alpha of 0.05, the two-sample comparison of means required 22 participants per arm. Allowing approximately
10% for attrition, 25 participants were recruited per arm, giving a total of 50. No dropouts occurred, and the
achieved sample retained the planned power; the observed difference substantially exceeded the assumed effect.

2.8 Statistical analysis

Data were compiled in Microsoft Excel and analysed with IBM SPSS Statistics. Continuous variables are presented
as mean * standard deviation with 95% confidence intervals for mean change; categorical variables as frequency
and percentage. Distributional assumptions were checked before parametric testing. Within-group change from
baseline was tested with the paired t test, and ordinal Modified Ashworth Scale data were additionally examined
with the Wilcoxon signed-rank test, which gave concordant results. Between-group comparisons of continuous
variables used the independent-samples t test applied to change scores from baseline, which is the appropriate
contrast for a parallel-group design and avoids the interpretive error of comparing a baseline value in one arm with
a post-treatment value in the other. Post-treatment values are also reported for completeness. Categorical variables
were compared with the Pearson chi-square test, or Fisher exact test where any expected cell count fell below five.
The ordinal overall functional outcome was compared with the Mann—Whitney U test, which respects the ranking
of categories and is more powerful than a chi-square test on the same data. Standardised effect sizes are reported
as Cohen d. Responder analyses used prespecified clinically meaningful thresholds: a gain of 10 degrees or more
in dorsiflexion, a reduction of at least one full Modified Ashworth grade, and an improvement of at least 10% in
10-metre walk time. Exploratory subgroup analyses by actiology and correlations with baseline variables were
performed with one-way analysis of variance and Pearson correlation respectively, and are interpreted as
hypothesis-generating only. A two-sided p value below 0.05 was considered statistically significant. All 50
enrolled participants completed the protocol, so the analysed population is identical to the enrolled population and
no imputation was required.

3. RESULTS

3.1 Participant flow and baseline characteristics

Sixty-one patients were screened, of whom 11 were excluded (seven did not meet eligibility criteria and four
declined participation). Fifty were enrolled and allocated, 25 to each arm. All 50 completed the 12-week protocol
and were analysed; there were no withdrawals, protocol violations or losses to follow-up. Participant flow is shown
in Figure 3.
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Figure 3. Flow of participants through the study. Allocation was by alternate sequential assignment; all

enrolled participants completed the 12-week protocol and were included in the analysis.

Baseline demographic and clinical characteristics are presented in Table 2 and illustrated in Figure 4. The two
arms were well matched. Mean age was 48.80 + 8.07 years in the intervention group and 50.88 + 7.58 years in
controls (p = 0.352), with the majority of participants in both arms aged between 46 and 60 years. Men
predominated in both arms (64% and 60% respectively; p = 1.000). The mean duration of foot drop was 5.40 +
2.10 and 5.92 + 1.89 months (p = 0.362), placing the cohort in the subacute to early chronic phase. Stroke was the
commonest aetiology (56% and 52%), followed by peripheral nerve injury (28% and 32%) and other causes
including radiculopathy and myopathy (16% in both arms; p = 0.949). Baseline dorsiflexion range of motion,
Modified Ashworth Scale score and 10-metre walk time did not differ significantly between arms (p =0.591, 0.627
and 0.213 respectively). Baseline range of motion was more variable in the control arm (standard deviation 3.96°
versus 2.00°), reflecting two control participants who presented with a fixed equinus of —4° and —1.7° and one

with an unusually preserved 14°.

Table 2. Baseline demographic and clinical characteristics of the two study groups

Characteristic Intervention (n =25) | Control (n=25) | p value
Age, years (mean + SD) 48.80 = 8.07 50.88 £7.58 0.352
30-45 years, n (%) 6 (24) 4 (16) 0.730
46—60 years, n (%) 17 (68) 18 (72)
>60 years, n (%) 2 (8) 3(12)
Male, n (%) 16 (64) 15 (60) 1.000
Female, n (%) 9 (36) 10 (40)
Duration of foot drop, months 540+2.10 5.92+1.89 0.362
Aetiology: stroke, n (%) 14 (56) 13 (52) 0.949
Actiology: peripheral nerve injury, n (%) 7 (28) 8 (32)
Aetiology: other, n (%) 4 (16) 4 (16)
Ankle dorsiflexion ROM, degrees 5.25+2.00 4.77+3.96 0.591
Modified Ashworth Scale score 2.10+£0.63 2.18+0.45 0.627
10-metre walk test, seconds 18.03 £3.32 17.00 £2.33 0.213
Derived gait speed, m/s 0.58+£0.12 0.60 £ 0.08 0.459

Note: ROM, range of motion, SD, standard deviation. Continuous variables compared with the independent-
samples t test; categorical variables with the chi-square test or Fisher exact test. Negative range-of-motion values

denote residual fixed equinus.
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Figure 4. Baseline comparability of the two study arms. (a) Distribution by age category. (b) Distribution
by aetiology of foot drop. Neither distribution differed significantly between groups (p =0.730 and p =
0.949 respectively).

3.2 Within-group change over 12 weeks

Both arms improved significantly on all three outcomes, but the magnitude differed markedly (Table 3, Figure 5).
In the intervention group, passive dorsiflexion range of motion increased from 5.25 + 2.00° to 15.61 = 3.88°, a
mean gain of 10.36° (95% CI 8.98 to 11.74; t = 15.44, p <0.001). Modified Ashworth Scale scores fell from 2.10
+ 0.63 to 1.24 + 0.58, a mean reduction of 0.86 grades (95% CI 0.70 to 1.03; t = 10.80, p < 0.001; Wilcoxon p <
0.001). The 10-metre walk time shortened from 18.03 + 3.32 s to 12.42 £ 4.39 s, a mean reduction of 5.61 s (95%
CI14.69 to 6.54;t=12.50, p <0.001), corresponding to an increase in mean walking speed from 0.58 to 0.94 m/s.
The control group also improved on conventional physiotherapy alone. Range of motion rose from 4.77 + 3.96° to
8.08 £4.40°, a gain 0f 3.31° (95% C12.22 to 4.41; p <0.001); Modified Ashworth Scale scores fell by 0.31 grades
(95% CI1 0.23 to 0.39; p < 0.001); and 10-metre walk time shortened by 2.22 s (95% CI 1.51 to 2.92; p < 0.001),
with mean speed rising from 0.60 to 0.70 m/s. The consistency of these within-group gains confirms that the
conventional programme was itself effective and that the comparator was an active rather than a nominal one.

Table 3. Within-group change from baseline to 12 weeks in both study arms

Outcome Baseline 12 weeks Mean change 95% CI of p value
change

Intervention group (n = 25)
Ankle dorsiflexion ROM, ° | 5.25+£2.00 | 15.61 +3.88 +10.36 8.981t011.74 <0.001
Modified Ashworth Scale 2.10+£0.63 1.24 £0.58 —0.86 —1.03 t0 —0.70 <0.001
10-metre walk test, s 18.03+3.32 | 12.42+4.39 -5.61 —6.54 to —4.69 <0.001
Gait speed, m/s 0.58+£0.12 0.94 £ 0.46 +0.37 0.22 t0 0.51 <0.001
Control group (n = 25)
Ankle dorsiflexion ROM, ° | 4.77 £3.96 8.08 +4.40 +3.31 2.22t04.41 <0.001
Modified Ashworth Scale 2.18+£0.45 1.87+0.53 -0.31 —-0.39 to —0.23 <0.001
10-metre walk test, s 17.00+2.33 | 14.79+£2.93 -2.22 -2.92 to —1.51 <0.001
Gait speed, m/s 0.60 £ 0.08 0.70 £ 0.15 +0.11 0.06 to 0.15 <0.001

Note: Values are mean + standard deviation unless stated. CI, confidence interval; ROM, range of motion. Paired
t test; Modified Ashworth Scale results were confirmed by the Wilcoxon signed-rank test (p < 0.001 in both arms).

(a) Ankle dorsiflexion ROM (b) Spasticity (MAS) (c) Galt parformance (L0MWT)
3.0 4 25 4
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Figure 5. Outcomes at baseline and after 12 weeks in both arms.

(a) Passive ankle dorsiflexion range of motion. (b) Modified Ashworth Scale score for plantarflexor tone. (c) 10-
metre walk time. Bars show group means with 95% confidence intervals; p values refer to the between-group
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comparison of post-treatment values.

3.3 Between-group comparison

The between-group contrast, expressed as the difference in change from baseline, favoured the intervention on
every outcome (Table 4, Figure 6). The additional dorsiflexion gain attributable to the motorised splint was 7.05°
(95% CI 5.33 to 8.77; t = 8.24, p < 0.001), with a standardised effect size of 2.33, which is very large by
conventional interpretation. The additional reduction in Modified Ashworth Scale score was 0.56 grades (95% CI
0.38 to 0.74; p < 0.001; d = 1.77) and the additional reduction in 10-metre walk time was 3.40 s (95% CI 2.26 to
4.53; p <0.001; d = 1.70), equivalent to an additional gain of 0.26 m/s in walking speed (95% CI 0.11 to 0.41; p
=0.001).

Post-treatment values were correspondingly divergent: dorsiflexion 15.61 + 3.88° versus 8.08 =4.40° (p < 0.001),
Modified Ashworth Scale 1.24 +0.58 versus 1.87 = 0.53 (p <0.001) and 10-metre walk time 12.42 + 4.39 s versus
14.79 £ 2.93 s (p = 0.029). The wider standard deviation of walk time in the intervention arm at 12 weeks reflects
a subgroup of participants who improved dramatically alongside two who improved little, and is discussed below.

Table 4. Between-group comparison of post-treatment values and of change from baseline at 12 weeks

Qutcome Intervention Control (n= Mean 95% CI p d
(n=25) 25) difference value

Post-treatment values
Dorsiflexion ROM, ° 1561 +3.88 8.08 =440 +7.53 531710 9.89 =0.001 | 1.82
Modified Ashworth Scale 124058 1.87=053 —0.63 —095t0—032 | =0.001 | 1.14
10-metre walk test. s 1242+ 439 1479293 -2.37 —449t0—025 | 0.029 | 064

Change from baseline
Dorsiflexion ROM, ° +1036£335 +331+265 +7.05 5331t0 877 =0.001| 233
Modified Ashworth Scale —0.86 £ 0.40 —0.31+020 —0.56 —0.74t0 —0.38 | =0.001 | 1.77
10-metre walk test, s —5.61+£224 —222+1.70 —3.40 —453t0—-226 | =0.001| 1.70
(Gait speed, m/s +037+£035 +0.11+0.10 +0.26 011to 041 0.001 | 099

Note: Mean difference is intervention minus control; d is Cohen standardised effect size. Independent-samples t
test. CI, confidence interval; ROM, range of motion. The change-from-baseline contrast is the primary between-
group analysis.

Between-group difference in outcome changé at 12 Weeks'
Ankle dorsiflexion ROM (°) f— — +7,05 (d=2.33

Modified Ashworth Scale » 056 (d=1.77)

10-metre walk time (s) b—e— 3,40 (d = 1.70)

Gait speed (m/s) - = +0.26 (d = 0.99)
T T T T T

-5 0 5 10 15
Adjusted mean difference In change from baseline (intervention — control), 95% Ci

Figure 6. Between-group differences in change from baseline at 12 weeks, with 95% confidence intervals
and standardised effect sizes.

Every interval excludes the null value. Because a favourable result is an increase for range of motion and gait
speed but a decrease for Modified Ashworth Scale score and walk time, the sign of each estimate should be read
against the outcome concerned.

3.4 Responder analysis

The threshold analyses show that the difference between arms was categorical rather than merely a shift in group
means (Table 5, Figure 7a). A dorsiflexion gain of at least 10° was achieved by 16 of 25 intervention participants
(64%) and by none of the 25 controls (p < 0.001). A reduction of at least one full Modified Ashworth grade
occurred in 12 intervention participants (48%) and again in no control participant (p < 0.001). Improvement of at
least 10% in 10-metre walk time was reached by 24 of 25 in the intervention arm (96%) versus 14 of 25 controls
(56%; p = 0.002). Perhaps the most clinically meaningful figure is the proportion attaining at least 10° of passive
dorsiflexion at 12 weeks, a range broadly sufficient for unimpeded swing-phase clearance: 22 of 25 (88%) in the
intervention arm compared with 9 of 25 (36%) in controls (p < 0.001).
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Table 5. Responder analysis using prespecified clinically meaningful thresholds

Threshold achieved at 12 weeks Intervention n (%) Control n (%) p value
Gain in dorsiflexion ROM > 10° 16 (64) 0(0) <0.001
Reduction in Modified Ashworth Scale > 1 grade | 12 (48) 0 (0) <0.001
Improvement in 10-metre walk time > 10% 24 (96) 14 (56) 0.002
Absolute dorsiflexion ROM > 10° at 12 weeks 22 (88) 9 (36) <0.001

Note: Fisher exact test throughout. ROM, range of motion.

3.5 Overall functional outcome

The ordinal overall functional grading assigned at 12 weeks favoured the intervention arm (Table 6, Figure 7b).
Significant improvement was recorded in 16 intervention participants (64%) compared with 9 controls (36%);
moderate improvement in 7 (28%) versus 10 (40%); and minimal or no improvement in 2 (8%) versus 6 (24%).
The distributions differed significantly on the Mann—Whitney U test (p = 0.037), which is the appropriate test for
an ordered categorical outcome. A three-by-three chi-square test on the same table did not reach significance (y?
=4.49,p=0.1006), as expected when the ranking of categories is discarded and expected cell counts are small; this
discordance is reported transparently rather than selectively.

Table 6. Overall functional outcome at 12 weeks

Overall functional outcome | Intervention n (%) | Controln (%) | p value
Significant improvement 16 (64) 9 (36) 0.037
Moderate improvement 7 (28) 10 (40)

Minimal or no improvement 2(8) 6 (24)

Note: Mann—Whitney U test on the ordered three-level outcome. A chi-square test on the same table gives y* =
4.49, p = 0.106.

3.6 Comfort, usability and satisfaction

Device tolerability was high (Table 7, Figure 7c). The mean comfort and usability score was 8.37 = 1.26 out of
10, with individual scores ranging from 6.1 to 10.9 on the recording scale used. Overall satisfaction was rated
excellent by 22 of 25 participants (88%) and fair by 3 (12%); no participant rated the experience poor. All three
participants who gave a fair rating had experienced an adverse event, and two of those three were also the only
participants classified as showing minimal improvement, suggesting that satisfaction tracked both tolerability and
perceived benefit. Comfort score was not significantly correlated with the magnitude of dorsiflexion gain (r =
—0.34, p = 0.095), indicating that participants did not simply rate the device highly because it worked well for
them.

Table 7. Patient-reported comfort, usability and satisfaction in the intervention group (n = 25)

Patient-reported measure Value Range or n (%)
Comfort and usability score (0—10) 8.37+1.26 6.1t010.9
Overall satisfaction: excellent — 22 (88)
Overall satisfaction: good — 0(0)
Overall satisfaction: fair — 3(12)
Overall satisfaction: poor — 0(0)
Sessions completed as scheduled 100% 25 (100)
Participants requesting discontinuation — 0(0)

Note: Comfort score is mean + standard deviation. Satisfaction was recorded on a four-level ordinal scale at the
end of the intervention period.

~ (a) Responder analysis (b) Overall functional outcome {c) Device comfort
W o)
E Intervention w4 28% S 6
w T
el
a 9 4 -
B <
= &
§ P
= Control 0% a0 24% E
2 z
I3 - - \ 0
- #10* RQM grade MASH 10MWT 0 50 100 6 8 10
' rduct o rrent 3 oy =
ol o o Patients (%) Comfort / usability score (0-1
mEm 'v’._l"l’ll ant - Moderste Minimal / none

Figure 7. Clinical response, functional outcome and device tolerability.
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(a) Proportion of patients reaching prespecified clinically meaningful thresholds in each arm. (b) Distribution of
the ordinal overall functional outcome (Mann—Whitney U, p = 0.037). (c) Distribution of patient-rated comfort
and usability scores in the intervention group, with the group mean indicated.

3.7 Safety and adverse events

Adverse events were infrequent, minor and self-limiting in both arms (Table 8). In the intervention group, mild
skin irritation at a strap contact area occurred in 2 participants (8%), transient post-session pain or discomfort in 3
(12%) and a self-limiting muscle spasm in 1 (4%). Corresponding figures in the control group were 2 (8%, 2 (8%)
and 2 (8%). Because events clustered within individuals, the number of participants experiencing any adverse
event was 3 (12%) in the intervention arm and 2 (8%) in controls, a difference that was not statistically significant
(p = 1.000). All events resolved with padding adjustment, temporary reduction of the programmed dorsiflexion
arc or simple analgesia. No participant developed a pressure ulcer, ligament injury, thromboembolic event or nerve
irritation; no device malfunction occurred; the torque limiter and emergency stop were never activated in an
unplanned manner; and no participant withdrew for any reason.

Table 8. Adverse events over the 12-week intervention period

Adverse event Intervention n (%) | Controln (%) | p value

Skin irritation at contact area 2(8) 2 (8) 1.000
Transient pain or discomfort 3(12) 2(8) 1.000
Muscle spasm 1(4) 2 (8) 1.000
Any adverse event (per participant) 3(12) 2(8) 1.000
No adverse event 22 (88) 23 (92) 1.000
Serious adverse event 0(0) 0(0) —

Withdrawal due to adverse event 0(0) 0(0) —

Note: Fisher exact test. Individual event categories are not mutually exclusive; three intervention participants and
two control participants accounted for all recorded events.

3.8 Exploratory subgroup analysis

Dorsiflexion gain in the intervention arm was numerically greater in participants with peripheral nerve injury
(12.43 £ 3.58°, n =7) than in those with stroke (9.59 + 3.29°, n = 14) or other aetiologies (9.45 + 1.90°, n = 4), but
the difference did not reach significance (one-way analysis of variance p = 0.158; stroke versus peripheral nerve
injury p = 0.085). A similar pattern was seen in the control arm. Gain was not correlated with duration of foot drop
(r=-0.12, p = 0.562), age (r = —0.25, p = 0.230) or baseline range of motion (r = —0.01, p = 0.947), suggesting
that within the range studied the device performed comparably across the cohort. These analyses are underpowered
and are presented only to inform the design of future trials.

4. DISCUSSION

4.1 Principal findings

Adding programmed passive dorsiflexion to conventional physiotherapy tripled the ankle mobility gained over 12
weeks, from 3.31° to 10.36°, and produced a between-group difference of 7.05° with a standardised effect size
above two. Corresponding advantages were seen in plantarflexor tone and in overground gait speed. The responder
analysis is arguably more informative than the mean differences: not one control participant achieved a 10° gain
in dorsiflexion or a full-grade reduction in Modified Ashworth score, whereas 64% and 48% of intervention
participants respectively did. The intervention therefore did not merely accelerate the same trajectory; it moved a
substantial proportion of patients across thresholds that conventional therapy alone did not reach in any participant
in this cohort.

The clinical significance of a 10° arc deserves emphasis. Normal walking requires roughly 10° of dorsiflexion in
terminal stance and sufficient swing-phase dorsiflexion to clear the floor. At 12 weeks, 88% of intervention
participants had reached at least 10° of passive dorsiflexion compared with 36% of controls. Whether or not active
dorsiflexor power recovers, preserving that passive arc keeps the ankle out of fixed equinus, keeps orthotic fitting
straightforward, and keeps tendon transfer or lengthening off the surgical agenda. For a device costing a fraction
of a commercial powered orthosis, that is a substantial return.

4.2 Mechanistic interpretation

Three plausible mechanisms operate together. The first is mechanical. Repeated end-range excursion imposes
cyclical tensile loading on the gastrocnemius—soleus complex and posterior capsule, and connective tissue
responds to such loading with viscoelastic creep and, over weeks, with genuine remodelling of collagen alignment
and sarcomere number. Manual stretching applies the same stimulus but cannot match a motorised device for
repetition count or consistency of amplitude and hold. The second is neurophysiological. Slow, repeated passive
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stretch attenuates the stretch-reflex response through presynaptic inhibition and reduced motoneuron excitability,
an effect documented after continuous passive motion of the ankle in spastic cerebral palsy, where soleus
hypertonia fell and passive dorsiflexion increased [16]. The parallel reduction in Modified Ashworth Scale score
in our intervention arm is consistent with this. The third mechanism is permissive rather than direct: an ankle that
moves more freely and resists less allows more productive gait re-education, so part of the observed gain in walking
speed probably reflects better conventional therapy rather than the device acting on gait itself. This last point
matters because our device was never worn during walking; the entire gait benefit must have been mediated
through improved joint mechanics and tone.

The magnitude of the walking-speed change also invites caution. Mean speed in the intervention arm rose from
0.58 to 0.94 m/s, crossing the threshold conventionally associated with limited community ambulation, but the
post-treatment standard deviation widened to 0.46 m/s. Inspection of individual data shows a genuinely bimodal
response: most participants improved substantially while two improved marginally, and one recorded a slightly
slower time at 12 weeks than at baseline. Group means alone would obscure this heterogeneity.

4.3 Comparison with existing literature

Our findings sit comfortably within the powered-ankle literature while occupying a distinct niche within it. Yoo
and colleagues randomised stroke survivors to a motorised ankle stretching device or conventional care and
reported superior gains in ankle range of motion, balance and gait that persisted at one month, with the control arm
improving minimally [9]. The direction and pattern of our results replicate theirs, in a mixed-aetiology cohort and
over a longer intervention period.

Yeung and colleagues delivered robot-assisted gait training with active dorsiflexion assistance to chronic stroke
patients over approximately 20 sessions and found superior improvements in gait independence, walking speed,
motor recovery and weight-bearing confidence compared with a sham condition, in which swing-phase
dorsiflexion actually deteriorated [8]. Their intervention acted during gait; ours acted at rest. That both approaches
improved walking speed suggests the two mechanisms are complementary rather than competing, and a device
combining rest-phase mobilisation with swing-phase assistance is an obvious next step.

Shin and colleagues showed with a pneumatically powered orthosis that assisted dorsiflexion increases mean ankle
angle across the gait cycle and reduces lower-limb asymmetry in hemiparetic foot drop, although hip kinematics
changed little [4]. Lee and colleagues achieved forefoot dorsiflexion with a shape-memory-alloy actuator active
for less than half the gait cycle, demonstrating that useful assistance need not be energetically expensive [12].
Adiputra and colleagues reported reliable foot clearance and positive patient feedback from a robotic orthosis
individualised to patient preference, and recommended weight reduction and velocity control as development
priorities [13]. Our device is mechanically simpler than all three and correspondingly cheaper, at the cost of
providing no assistance during ambulation. Matsuda and colleagues restored trainable dorsiflexion in common
peroneal nerve palsy using a hybrid assistive limb, illustrating that powered ankle training is applicable to lower
motor neuron as well as upper motor neuron foot drop [6] — a point consistent with the numerically greater
dorsiflexion gain we observed in our peripheral nerve injury subgroup. Asin and colleagues further showed that a
motorised ankle—foot orthosis can serve simultaneously as an assessment and a treatment platform, with graded
assistance producing dose-dependent increases in ankle excursion and angular velocity and measurable change in
tibialis anterior and gastrocnemius activation [21].

The comparison with functional electrical stimulation is instructive. Kluding and colleagues randomised 197
chronic stroke patients to peroneal nerve stimulation or a conventional orthosis with dose-matched physiotherapy,
and found comparable improvements in comfortable gait speed in both arms, with significantly greater user
satisfaction in the stimulation group [3]. Two points follow. First, the within-group gait improvement we observed
in our control arm is consistent with the effect of physiotherapy contact time itself, which their dose-matched
design isolated. Second, neither arm of their trial addressed passive range of motion or tone, which were our
primary outcomes; stimulation and static bracing substitute for lost dorsiflexion during walking, whereas passive
mobilisation preserves the joint’s capacity to be dorsiflexed at all. These are different therapeutic objectives, and
a patient with subacute foot drop arguably needs both. A related observation comes from Lee and colleagues, who
found that a flexible wire-based orthosis permitting a degree of dorsiflexion excursion improved static postural
control significantly, whereas a rigid conventional orthosis conferred no advantage over barefoot standing [19].
Permitting and assisting motion, rather than merely preventing plantarflexion, appears to be what generates
functional benefit.

Evidence from paediatric practice supports the durability of the mechanism we invoke. Chuang and colleagues
reduced soleus hypertonia and increased passive dorsiflexion with four weeks of ankle continuous passive motion
in cerebral palsy [16]; Lee and colleagues improved active dorsiflexion range and dorsiflexor strength with robotic
ankle training [15]; and Chen and colleagues showed that home-delivered robotic ankle training matched
laboratory-based delivery on clinical and biomechanical outcomes [17]. That last finding is directly relevant to the
next stage of development of our device, since a supervised in-hospital protocol such as ours captures only a
fraction of the achievable dose. The adult evidence points the same way: a proof-of-concept randomised trial of
foot and ankle mobilisation combined with home stretching in diabetic peripheral neuropathy improved both ankle
mobility and postural control measures [18]. Systematic reviews of wearable ankle robots and lower-limb
exoskeletons reach the same overall conclusion of benefit while repeatedly noting small samples, heterogeneous
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protocols and short follow-up [11,20,22,23] — limitations our study shares.

4.4 Clinical and health-system implications

Three features make this device relevant to Indian tertiary practice. It is built from locally available components
on a commercial orthotic base, so unit cost is a small fraction of that of an imported powered orthosis. It requires
no engineering expertise to apply, and in our study was operated by physiotherapists and trained ward staff after
brief instruction. And because therapy is delivered at rest, it can be given to patients who cannot yet safely bear
weight, including those in the early post-stroke or post-repair period when contracture risk is highest and
conventional gait-based devices are unusable.

The device should be positioned as an adjunct, not a substitute. Every participant in both arms received the full
conventional programme, and the control arm improved significantly on that programme alone. The appropriate
clinical claim is that programmed passive dorsiflexion adds mobility and tone benefit to good physiotherapy,
particularly where supervised therapist time is scarce and the alternative to the device is an ankle that does not
move between visits.

4.5 Strengths and limitations

The strengths of this study are a prospectively registered protocol with ethics approval, complete follow-up of all
50 enrolled participants with no attrition, an actively treated comparator receiving matched conventional therapy
and contact time, prespecified responder thresholds reported alongside mean differences, and transparent reporting
of a discordance between two statistical tests of the same ordinal outcome.

The limitations are substantial and constrain the strength of inference. Allocation was by alternate sequential
assignment rather than concealed randomisation, which is susceptible to selection bias, although the closely
matched baseline profiles argue against material imbalance. Neither participants nor assessors were blinded; for
goniometry and, more importantly, for the subjectively assigned ordinal functional outcome, this is a real risk of
measurement bias in the direction of the hypothesis, and the borderline p value for that outcome should be read
with this in mind. The Modified Ashworth Scale is ordinal with recognised inter-rater limitations, and treating it
as continuous in a t test is a simplification, mitigated here by concordant non-parametric testing. The study was
conducted in a single centre with 25 participants per arm, limiting generalisability and precluding reliable subgroup
inference. Outcome assessment ended with the intervention, so we cannot say whether gains persist after device
withdrawal — the question that matters most for a contracture-prevention rationale. We used clinical measures
only, without three-dimensional gait analysis, electromyography, foot-clearance or symmetry measurement, or
dorsiflexor strength dynamometry, so the mechanism of the walking-speed gain remains inferred rather than
demonstrated. Finally, the device was applied only in supervised, non-weight-bearing sessions, so nothing in these
data speaks to home use, unsupervised safety or performance during actual ambulation.

4.6 Directions for future work

The obvious next study is an assessor-blinded, concealed-randomised multicentre trial of at least 100 participants,
with follow-up extended to 6 or 12 months after the intervention ends, to determine whether the acquired range of
motion is retained and whether the incidence of fixed equinus and of subsequent tendon-lengthening surgery is
reduced. Outcome measures should include instrumented gait analysis with foot-clearance and symmetry indices,
surface electromyography of the tibialis anterior and triceps surae, dorsiflexor dynamometry, a validated balance
measure and a quality-of-life instrument. In parallel, device development should pursue weight reduction and a
lighter portable configuration suitable for validated home use with remote adherence monitoring, an ambulatory
mode providing swing-phase assistance in addition to rest-phase mobilisation, adaptive control that modulates
velocity and amplitude in response to measured resistance [14,27], integration with telerehabilitation platforms so
that remote supervision and adherence monitoring become possible [26], eventual combination with emerging
neuromodulatory approaches to gait recovery [38], and a formal cost-effectiveness analysis against static orthoses,
functional electrical stimulation and commercial ankle robots.

5. CONCLUSION

In this prospective comparative study of 50 adults with subacute to early chronic foot drop, adding an in-house
automated motorised splint delivering programmed passive dorsiflexion to conventional physiotherapy produced
substantially greater improvement in passive ankle dorsiflexion range of motion, plantarflexor tone and
overground walking speed than conventional physiotherapy alone over 12 weeks. Effect sizes were large, and
clinically meaningful thresholds of improvement were reached by a majority of intervention participants and by
no control participant. The device was well tolerated, generated only minor and self-limiting adverse events at a
rate indistinguishable from the comparator arm, and was rated highly for comfort and usability. Given its low
fabrication cost, mechanical simplicity and applicability to patients who cannot yet bear weight, programmed
passive dorsiflexion merits evaluation as a routine adjunct in foot-drop rehabilitation. The present findings should
be regarded as promising but preliminary; a randomised, assessor-blinded multicentre trial with instrumented gait
analysis and post-intervention follow-up is required before the approach can be recommended for general adoption.
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