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Abstract: Background: Research on sensory feedback systems for prosthetic devices aims to enhance
sensory capabilities to better meet user needs. Feedback systems for lower limb amputees (LLA)
have been shown to reduce cognitive efforts, metabolic cost and phantom limb pain. This study
evaluated the effect of a non-invasive, gait-synchronized, vibrotactile feedback system (VIFS) on
the gait parameters of LLA. Methods: Four stimulators applied vibrotactile stimulation to the thigh
of LLA during walking, corresponding to four pressure sensors located at the fore- and hindfoot
embedded in a sock worn on the prosthetic foot. Standardized gait tests, such as the Timed “Up
and Go” Test (TUG), the Four Square Step Test (FSST), the 10 Meter Walk Test (10 MWT) and the
2 Minute Walk Test (2 MWT), were performed to assess the risk of falling, coordination, walking
speed and endurance before and after intervention. Results: After an average of 61.5 days using the
VTFS, gait stability (TUG) improved significantly. Coordination (FSST) improved in 36% of subjects,
while 45% showed a clinically relevant increase in gait speed (10 MWT). Conclusions: The results
suggest an improved gait performance in the cohort. Though FSST lacked statistical significance, a
p-value near 0.05 indicates a trend toward meaningful improvement. Notably, the participant with
Targeted Sensory Reinnervation demonstrated the most favorable outcomes.

Keywords: amputation; lower extremity; sensory feedback; prostheses; human-machine interfaces;
vibrotactile feedback

1. Introduction

Available lower limb high-tech prosthetic devices currently do not provide natural
sensory information on movements or ground characteristics, which might explain the
unphysiological walking patterns with the prosthetic leg [1-4]. Several studies have shown
that sensory feedback from the remaining extremity reduces the risk of falling, cogni-
tive efforts, metabolic cost and fatigue of normal physical activity as well as phantom
limb pain [1,3-14]. The key qualities that users require from such sensory systems are
for them to elicit sensations of touch or proprioception as naturally as possible by deliv-
ering complex signals to the nervous system that would be produced by skin, muscle,
and joint receptors [15-18].

Sensory feedback systems can be divided into two major groups: non-invasive and
invasive/implantable devices. While invasive systems (e.g., implantable neural electrodes)
can restore homology and somatotopy of the sensation, which enhance the acceptance and
use of the prosthetic device [5], they lack biocompatibility and authenticity, posing high
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risks due to invasiveness [17]. The major advantage of non-invasive feedback devices is that
they stimulate the body externally, usually through the skin, eliminating the risks associated
with invasiveness or surgery. However, without surgical augmentation (e.g., Targeted
Sensory Reinnervation) these devices are not able to restore somatotopy of the sensation [17].
Since addressing the skin of the missing limb is not possible post-amputation, cutaneous
stimulation must be applied to alternative body sites. Establishing an association between
this cutaneous stimulation and the amputated limb generally requires intensive training
with the feedback system—a process known as “sensory remapping” [17]. Additionally,
non-invasive devices typically transmit sensory information through a single sensory
modality (e.g., pressure, vibration or electrical stimulation), lacking authenticity and thus
failing to restore sensory homology.

Several studies have evaluated the effect of different non-invasive sensory feedback
systems on healthy subjects and amputee patients, including mechanotactile [19-23],
vibrotactile [14,20,24-30] and electrotactile feedback [13,27,31,32]. For vibrotactile feed-
back, however, most studies have focused on upper limb prosthetics [20,24-27,29] or have
examined static effects in lower limb amputees, such as improved standing balance and pos-
tural control [14], rather than its effects on dynamic tasks like gait [30]. Even though sensory
feedback is the subject of the research of numerous prosthetic research groups, no feedback
system has yet become established in everyday use or availability [15,17]. Herein, we
investigate the effect of a supplementary feedback system that encodes real-time pressure
during walking into vibrotactile stimulation of the residual limb’s skin.

2. Materials and Methods
2.1. Study Design

The conducted study was a prospective interventional longitudinal study. Data collec-
tion took place as part of the routine care for amputees within an amputation-specialized
outpatient clinic. The study was approved by the local Ethics Committee of the Hannover
Medical School.

2.2. Inclusion and Exclusion Criteria

Subjects with the following amputation levels of the lower extremity were included
in the study: below-knee amputation (BKA), knee disarticulation (KD), above-knee am-
putation (AKA). The exclusion criteria were an existing pregnancy, the inability to walk
and stand safely on the prosthesis, age under 18 years and the inability to provide an
informed consent independently. The subject’s consent was documented in a written
declaration of consent.

2.3. Vibrotactile Sensory Feedback System

For vibrotactile stimulation, we used a non-invasive, microprocessor-controlled, gait-
synchronized, vibrotactile feedback system (Suralis®, Saphenus Medical Technology GmbH,
Baden, Austria). The system features a set of four sensors implemented into a sleeve to
be worn over the fitted prosthetic foot. The transmitter unit and the actuator unit of the
system are compatible with any commercially available prosthetic setup. The sensors detect
pressure at the heel, the lateral forefoot area, the medial forefoot area and at the great toe
(see Figure 1). These sensors can record information about the weightbearing of the different
foot parts as well as the rolling behavior of the prosthetic foot and can wirelessly transmit
this information to the actuator unit through the transmitter unit (Bluetooth technology).

The actuator unit comprises a receiver and an elastic leg cuff containing four embedded
vibration elements, with one element allocated to each sensor area of the sock (see Figure 1).
The vibration elements oscillate with amplitudes of 60 to 120 Hz, and the latency between
sensor ground contact and triggering of vibration on the stump is less than 100 ms.



Appl. Sci. 2024, 14, 11247

30f18

=]

Mode-Selection

Settings

HENUS 99% 99%

Figure 1. System components of the herein used vibrotactile feedback system (VTFS): (1) actuator
unit, (2) transmitter unit, (3) sensor sock, (4) four pressure sensors at the heel, lateral midfoot area,
medial midfoot area and big toe, (5) elastic leg cuff with the embedded vibration actuators (marked
in red), (6) single vibration actuator (Copyright Saphenus Medical Technology GmbH).

Thresholds for stimulation (0-100%) as well as vibration strength (0-100%) and du-
ration (0-2.55 s) are adjustable via an App (see Figure 2). The stimulation site within this
study was the skin of the lateral thigh of the injured leg. For subjects with a very short
AKA residuum, it may be necessary to stimulate the contralateral healthy thigh.
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Figure 2. User interface: An App displays the ranges of intensity (a), duration (b), and threshold (c) of
the vibrotactile stimulation, which can be adjusted (d). The accompanying visual representations
provide insight into the parameter settings of the vibrotactile feedback system (Copyright Saphenus
Medical Technology GmbH).
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2.4. Procedure

The included subjects received thorough instruction on the vibrotactile feedback sys-
tem (VTFS) and were provided with the option to adjust it using the corresponding mobile
application. Threshold, vibration strength, and vibration duration were individualized. To
calibrate the feedback system properly, no pressure was applied to the sensors by placing
the prosthetic foot, donned in the sensory sock, in the shoe without putting any weight on
it. When setting the vibration thresholds of the sensors, we asked the subject to indicate
when the stimulation was just perceptible (30-50%). Vibration duration was set at the
standard setting of 0.75 s. All subjects were subjected to an elastic leg cuff embracing four
vibrotactile actuators as depicted in Figures 1 and 3 and underwent a test run to verify
its functionality.

Figure 3. Below-knee amputee (BKA) (patient 4), who is fitted with the VTFS. (A) Lateral view of the
fitted prosthesis: (1) transmitter unit, temporarily attached to the prosthetic tube. (B) Bottom view of
the fitted prosthesis: (2) sensor sleeve worn over the prosthetic foot component. (C) Anterior view
of the patient fitted with the VTFS: (3) Actuator unit; (4) elastic leg cuff with embedded vibrotactile
actuators (marked in blue). (D) Lateral view of the patient.

Following the fitting, the subjects were equipped with the feedback system for at-home
usage for a minimum duration of 30 days and a maximum until the next clinical routine
appointment (see Figure 4). All the subjects were instructed to use the system every time
they walked with the prosthesis. The actual time in days that the VTFS was tested was
documented for each subject.
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Figure 4. Flow chart of the study protocol. The assessment procedure for home testing of the
vibrotactile feedback system (VTES) involved the recruitment of subjects reporting gait instability
who met the inclusion criteria. Participants were equipped with a VTFS and instructed to engage in
home-based testing for a minimum of 30 days. Preceding the testing period, subjects underwent four
gait tests without the system. Following the completion of the home testing period, the subjects were
required to repeat the gait tests, this time with the VTFS activated. After the testing period, subjects
rated their experience with the VTFS on a 5-point Likert scale and indicated whether they would
like to continue using the system. (Images VTFS: Copyright Saphenus Medical Technology GmbH;
Icons & flow chart created in BioRender. Ernst, J. (2024) (https://BioRender.com/a98g068, accessed
on 9 October 2024).

2.5. Functional Gait Assessment

The included subjects performed four standardized gait tests prior (without the system)
and after the testing period (with the system turned “On”). The performed gait tests
included the Timed “Up and Go” Test (TUG) [33,34], the Four Square Step Test (FSST) [33],
the 10 Meter Walk Test (10 MWT) [34] and the 2 Minute Walk Test (2 MWT) [35]. The
TUG was used to evaluate the parameter risk of falling [36,37], the FSST to evaluate the
parameter coordination [35], the 10 MWT to evaluate the parameter walking speed [36] and
the 2 MWT to evaluate the parameter endurance [37]. Gait tests were performed in a 30 m
corridor marked at 1 m intervals, with performance times recorded using a stopwatch. The
TUG, FSST and 10 MWT were each performed three times, with mean values calculated
afterward, while the 2 MWT was performed only once. For the 10 MWT, the walking
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speed was calculated by dividing 10 m by the time required to perform the test. For the
2 MWT, the distance covered within 2 min was recorded using the 1 m intervals on the
floor. Subjects were permitted to use walking aids (e.g., crutches, canes), but assistance
from others was not allowed during the gait tests.

2.6. Further Assessed Parameters

In addition to the gait tests, the following demographic and amputation-related data
were documented: age, sex, comorbidities, medication, time since amputation, cause of
amputation, affected body side, amputation level, Medicare Functional Classification Level
(K-Level) before the intervention, type of amputation procedure, e.g., standard (myo-
desis, myoplasty) or innovative (Osseointegration (OI), Agonist-Antagonist Myoneural
Interface (AMI), Targeted Sensory Reinnervation (TSR), Targeted Muscle Reinnervation
(TMR)) and individual usage time of the VTFS. After the testing of the VTES, the subjects
underwent an open-directed interview with a concluding evaluation of the home testing.
They were asked to rate their experience on a 5-Point Likert Scale (Worst, Bad, Average,
Good, Best), indicate whether they would like to continue using the VIFS and share any
meaningful observations.

2.7. Statistical Analysis and Data Evaluation

To evaluate the impact of gait-synchronized vibrotactile stimulation on the walking
ability of lower limb amputees, we calculated the median and the interquartile range (IQR)
for the entire cohort as well as the mean performance of the individual subjects at baseline
and follow-up for each walking test (see Appendix A, Tables Al and A2). Furthermore, we
determined the absolute and relative changes between the two measurements for both the
entire cohort and individual subjects across all gait tests (see Appendix A, Tables A1 and A2).
The statistical analysis of the data was conducted using Microsoft Excel (Version 16.91)
and Matlab (MathWorks, Version R2024a). Due to the small sample size, no assumptions
regarding the normal distribution of the sample could be made; hence, the Wilcoxon signed-
rank test was utilized for further statistical analysis. The significance level was set at a
p-value of <0.05.

The assessed performance data at baseline and follow-up were compared to each other.
The results were evaluated regarding the presence of Minimal Detectable Changes (MDC)
and Minimal Clinically Important Differences (MCID) for a unilaterally amputated cohort
(see Table 1). Additionally, correlation analyses were conducted between the individual
performance of the subjects (At; — tg) and both the usage time of the VTFS at home and the
time since amputation.

Table 1. Minimum Detectable Change (MDC) and Minimal Clinically Important Difference (MCID)
values for the Timed Up and Go (TUG), Four Square Step Test (FSST), 10 Meter Walk Test (10 MWT),
and 2 Minute Walk Test (2 MWT) for unilateral amputees. To assess the clinical significance of the
changes in the evaluated gait parameters in this study, the results were compared to existing MCID
values. In cases where no MCID value for the respective test had been reported in the literature, the
Minimum Clinically Detectable (MCD) value was utilized (n.a. = not available).

Gait Test MCID MDC
. “ ” 3.6 5 [38]
Timed “Up and Go” Test n.a. 225 [39]
Four Square Step Test n.a. 2.0s[39]
10 Meter Walk Test 0.21 m/s [40] n.a.

2 Minute Walk Test 37.2m [40] n.a.
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3. Results
3.1. Demographics

Of the eleven included subjects, ten (91%) were male and one (9%) female. The average
age of the examined cohort was 55.82 (£12.50) years, and the mean time since amputation
was 6.91 (£8.35) years. Five subjects (45.5%) were amputated at the level of the lower leg
(below-knee amputation, (BKA)), two subjects (18.1%) had a knee disarticulation (KD) and
four subjects (36.4%) were amputated at the thigh level (above-knee amputation, (AKA)).
The left side was predominantly affected (63.6%), while the right side and bilateral am-
putations accounted for 18.2% each. Subject 10, who had undergone amputation on both
sides, tested the feedback system bilaterally, while subject 11, also a bilateral amputee with
a below-knee amputation (BKA) and above-knee amputation (AKA), exclusively tested the
system on the left side (AKA). Trauma was the primary cause of amputation in the study
population (45.5%), followed by vascular disorders (27.2%), accompanied by diabetes mel-
litus (13.6%). Other causes for amputation included tumor disease (9.1%), infection (9.1%),
and chronic pain syndrome (9.1%). The average level of mobility (Medicare Functional Clas-
sification Level (K-Level)) before the intervention was 2.6 (£0.81). Four patients (36.4%)
underwent standard lower limb amputation, two (18.2%) received an Agonist-Antagonist
Myoneural Interface (AMI), two (18.2%) underwent Targeted Muscle Reinnervation (TMR)
and two (18.2%) have an osseointegrated prosthesis (OI). One of the subjects (subject 5) had
undergone a Targeted Sensory Reinnervation surgery (TSR) prior to the study, while the
remaining 10 subjects had not undergone any TSR surgery [30] (see Table 2).

Table 2. Summary of subjects” demographic and amputation-related characteristics. BKA = below-
knee amputation, KD = knee disarticulation, AKA = above-knee amputation, TSR = Targeted Sensory
Reinnervation, TMR = Targeted Muscle Reinnervation, OI = Osseointegration, AMI = Agonist—
Antagonist Myoneural Interface, K-Level = Medicare Functional Classification Level, VTFS = vibro-
tactile feedback system.

Subject

Amputation  Affected

Type of Time Since Amputation =~ VTFS Usage

(p#) Sex Age Level Side Cause of Amputation Procedure K-Level [Years] Time [Days]
1 Female 59 BKA Right Infection Standard 2 9 36
2 Male 61 BKA Left ~ Chronic pain syndrome AMI 2 225 120

and vascular disorder
3 Male 69 BKA Right Vascular disorder Standard 3 9 34
and diabetes
4 Male 63 BKA Left Trauma TMR 2 1 86
5 Male 73 BKA Left Vascular disorder TSR 2 16 30
and diabetes
6 Male 28 KD Left Tumor AMI 4 14 36
7 Male 62 KD Left Vascular disorder Standard 3 4 71
8 Male 52 AKA Left Trauma Ol 3 2.5 120
9 Male 60 AKA Left Trauma Standard 4 30 50
10 Male 41 AKA Bilateral Trauma O1 2 14 64
Right: BKA .
11 Male 46 Left: AKA Bilateral Trauma TMR 2 1.3 30

3.2. Results: Intervention

The included subjects (n = 11) walked with the vibrotactile feedback system at home
for an average of 61.5 days (min. 30-max. 120 days) (see Table 2).

3.3. Results: Functional Gait Assessments

During the baseline assessment, subject 10 was unable to perform the 10 MWT and the
2 MWT due to pain. Therefore, he was excluded from the cohort analysis for the 10 MWT
and the 2 MWT (n = 10).

In Figure 5, the median and interquartile range for the entire cohort in the TUG, FSST,
10 MWT and 2 MWT at both baseline and follow-up gait assessments are depicted. The
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difference in medians indicates that subjects required less time to complete the TUG and
FSST, walked slower during the 10 MWT, and covered longer distances in the 2 MWT
following the VTFS intervention. However, the results of the Wilcoxon signed-rank test
showed that only the difference in TUG performance was statistically significant (p = 0.042 *).
This suggests a notable improvement in the cohort’s TUG results following the intervention.
No statistically significant changes were observed in the other three gait tests from baseline
to follow-up (FSST: p = 0.054; 10 MWT: p = 0.106; 2 MWT: p = 0.432).
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Figure 5. The boxplots illustrate the comparison of the cohort’s performance at baseline and after the
intervention during the follow-up for the Timed Up and Go (TUG) (n = 11), Four-Square Step Test
(FSST) (n =11), 10 Meter Walk Test (10 MWT) (1 = 10), and 2 Minute Walk Test (2 MWT) (1 = 10) using
boxplots. The results of the Wilcoxon signed-rank test indicate that only the TUG demonstrated a
significant change, implying an improvement in the cohort’s performance following the intervention
(p = 0.042 *). The comparison with the MDC and MCID reference values shows that the cohort
exhibits an intervention-related change only in the FSST. Outliers are marked with ‘x” and statistical
significance is indicated by *’.

3.3.1. Timed “Up and Go” Test—Risk of Falling

In the TUG, eight subjects (73%) showed an absolute decrease in the required time
when walking at the follow-up assessment with vibrotactile stimulation, while three subjects
(27%; p# 2, 4 and 9) required more time (see Figure 6). Out of those eight subjects,
three subjects (27%; p# 1, 7 and 11) exhibited a relative decrease of up to 10%, two subjects
(18%; p# 3 and 6) showed a relative decrease between 10% and 20% and in three subjects
(27%; p# 5, 8 and 10), the required time decreased by over 20%. The maximum relative
decrease was —32% (p# 5), and the maximum relative increase was 7.1% (p# 4).
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Figure 6. Scatter plot visualizing the mean performance of individual subjects, along with the median
and IQR of the cohort’s overall performance in the Timed “Up and Go” Test (TUG) at baseline
(light gray) and follow-up (dark gray). Subjects whose performance changes exceeded the minimum
detectable change (MDC) after the intervention are highlighted with a star ().

The correlation analyses showed a weak, non-significant negative correlation between
individual performance (A t; —tg) and both the VTES usage time (r = 0.126, p = 0.713) and
the time since amputation (r = 0.142, p = 0.678).

A comparison of the medians for the entire cohort (n = 11) before and after the inter-
vention indicates a significant change in performance in the TUG (see Figure 5, p = 0.042 *;
medians (IQR): 11.23 s (7.35 s) vs. 10.84 s (4.84 s)). The reduction in the median time re-
quired to perform the test for the entire cohort from the initial to the follow-up measurement
was 0.39 s.

3.3.2. Four Square Step Test—Coordination

Except for two subjects (18%, p# 2 and 4), all subjects (82%) showed an absolute
decrease in the required time to perform the FSST after the intervention (see Figure 7).
Three subjects (27%; p# 5, 6 and 7) could decrease the time needed to perform the test by up
to 10%, five subjects (45%; p# 1, 3, 8, 9 and 10) by up to 10-20%, and one subject (9%; p# 11)
by 27.3%. Subject 4 showed the maximum relative increase (19.2%) after the intervention,
and subject 2 showed a relative increase of 10.6%.

For the FSST, the correlation analyses revealed a moderate, non-significant negative
correlation between individual performance and VTFS usage time (r = 0.518, p = 0.102)
and a very weak, non-significant positive correlation between performance and time since
amputation (r = —0.154, p = 0.651).

In contrast to the TUG, no significant difference was observed in the medians of
the entire cohort (n = 11) before and after the intervention in the FSST (see Figure 5,
p = 0.0537; medians (IQR): 13.51 s (4.54 s) vs. 11.33 s (5.55 s)). The difference in medians
between the two measurements for the entire cohort showed an absolute decrease in the
test performance time of 2.18 s.
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Figure 7. Scatter plot visualizing the mean performance of each subject, along with the median
and IQR of the cohort’s overall performance in the Four Square Step Test (FSST) at baseline (light
gray) and follow-up (dark gray). Subjects with performance changes surpassing the MDC after the
intervention are highlighted with a star ().

3.3.3. 10 Meter Walk Test—Walking Speed

Consistent with the findings of the FSST, all subjects except for two (18%; p# 2 and 4)
demonstrated an absolute improvement in walking speed over a 10 m distance following
the intervention period and while utilizing the vibrotactile feedback system in the 10 MWT
at Follow-Up (see Figure 8). However, the median walking speed decreased by 0.09 s from
the initial to the follow-up measurement. Three subjects (27%; p# 8, 9 and 11) increased their
walking speed by up to 10%, one (9%; p# 1) by over 10% and the remaining four subjects
(36%; p# 3, 5, 6 and 7) walked more than 30% faster in the follow-up measurement. The
maximum relative increase in walking speed was 100.8% (p# 7). Subjects 2 and 4 slowed
down by 21.2% and 12.5%, respectively.

For the 10 MWT, there was a very weak, non-significant negative correlation
between individual performance and VTFS usage time (r = —0.173, p = 0.61) as well as a
very weak, non-significant positive correlation to the time since amputation (r = 0.099,
p=0.77).

In line with the findings of the FSST, our study likewise observed a lack of significant
difference in the medians of the cohort (n = 10) between the two measurements in the
10 MWT, with a difference of —0.02 m/s (see Figure 5, p = 0.106; medians (IQR): 1.10 m/s
(0.44 m/s) vs. 1.07 m/s (0.65 m/s)).
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Figure 8. Scatter plot visualizing the mean performance of each subject, along with the median
and IQR of the cohort’s overall performance in the 10 Meter Walk Test (10 MWT) at baseline (light
gray) and follow-up (dark gray). Subjects with performance changes surpassing the MCID after the
intervention are highlighted with a star ().

3.3.4. 2 Minute Walk Test—Endurance

In the 2 MWT, seven subjects (64%) walked longer distances within two minutes at
the follow-up assessment, while four subjects (36%; p# 1, 2, 4 and 6) showed an absolute
decrease in the distance walked (see Figure 9). Two subjects (18%; p# 9 and 11) increased
their walking distance by up to 10%, and four subjects (36%; p# 3, 5, 7 and 8) by over
20%. Subject 5 achieved the highest absolute increase in walking distance at 49.3%. The
maximum relative decrease in walking distance was —25.1% (p# 6).
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Figure 9. Scatter plot visualizing the mean performance of each subject, along with the median
and IQR of the cohort’s overall performance in the 2 Minute Walk Test (2 MWT) at baseline (light
gray) and follow-up (dark gray). Subjects with performance changes surpassing the MCID after the
intervention are highlighted with a star ().
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The correlation analyses revealed a very weak, non-significant positive correlation
between individual performance and both the VTFS usage time (r = 0.044, p = 0.899) and
the time since amputation (r = 0.354, p = 0.285).

No significant difference was observed in the medians for the 2 MWT after the inter-
vention (n = 10) and when walking with the vibrotactile feedback system (see Figure 5,
p = 0.432; medians (IQR): 115 m (62.8 m) vs. 123 m (60.3 m)). The absolute increase in
median walking distance was 8 m.

3.4. Open-Directed Interview

Table 3 shows the results of the open-directed interview, which the subjects underwent
after finishing the testing period. The subjects had to rate their experience with the VIFS
on a 5-Point Likert Scale and should give feedback on the home-use. Furthermore, they
had to state if they would prefer to continue using the VTFS.

Table 3. Results of the open-directed interview with concluding evaluation of the home-use. Subjects
had to rate their experience with the vibrotactile feedback system (VTES) on a 5-Point Likert Scale
(Worst, Bad, Average, Good, Best). Additionally, they had to indicate whether they would like to
continue using the VTFS.

Subject (p#) Rating 5-Point Likert Scale Feedback

1

Would like to continue using the system. Coverage by health insurance has

Good been requested.

Little effect in the subject’s opinion. Currently not walking at all because of

2 Average contralateral knee pain. Knee arthroplasty scheduled. Wants to test
again afterward.
3 Good Complete resolution of Phantom Limb Pain and better gait stability. Subject
suspects a carryover effect and does not want to continue.

Little effect in the subject’s opinion; handling the cables was inconvenient.

4 Average .
Does not want to continue.

Complete resolution of Phantom Limb Pain and better gait stability. Would
5 Best - . . .

like to continue using the system. Coverage by health insurance requested.
6 Good Good but the effect was not groundbreaking. Does not want to continue.
7 Best Complete resolution of Phantom Limb Pain. Would like to continue using the

system. Coverage by health insurance requested.
Liked the system, but handling the cables was inconvenient. Does not
8 Average .
want to continue.
Complete resolution of Phantom Limb Pain. Would like to continue using the
9 Best .
system. Coverage by health insurance requested.

Liked the system, but as subject is wearing an osseointegrated prosthesis,

10 Good . .
subject does not want any external components on the residuum.

Little effect in the subject’s opinion; handling the cables was inconvenient.

11 Average

Does not want to continue.

Four subjects (36%; p# 2, 4, 8 and 11) reported an average experience with the system,
four (36%; p# 1, 3, 6 and 10) rated their experience as good, and three (27%; p# 5, 7 and 9)
rated it as “best”. Five subjects (45%; p#1, 2, 5, 7 and 9) wanted to continue using the VTFS,
and cost coverage by the health insurance has been requested.

4. Discussion

The goal of this study was to determine the impact of a non-invasive VIFS on gait
characteristics such as risk of falling, coordination, walking speed and endurance of lower
limb amputees. The results indicate a significantly improved performance of the overall
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cohort for the TUG (p = 0.042 *), with 73% of the subjects reducing the required time to
perform the test successfully.

In the subsequent analyses of the three additional gait assessments, no statistically
significant differences were observed. However, the results of the FSST showed a p-value
close to 0.05, indicating a potential trend toward meaningful change. Notably, 82% of the
participants demonstrated a reduction in the time required to complete the FSST, and simi-
larly, 82% exhibited an increase in walking speed in the 10 MWT. Furthermore, 64% of the
subjects in the 2 MWT were able to cover a greater distance within two minutes following
the intervention with the VTFS, with a smaller interquartile range (IQR) suggesting more
consistent data (see Figure 5).

Another potential contributing factor could be the relatively brief intervention period,
which contrasts with the average time since amputation (6.91 & 8.35 years) observed within
this cohort.

The TUG and FSST reference values indicating an elevated risk of falling for unilateral
lower limb amputees are 19 s for TUG, and 24 s for FSST [33]. Except for two subjects (p# 11
for TUG, p# 5 for FSST), the entire cohort exhibited no increased fall risk based on the reference
values even prior to the intervention (refer to Figures 6 and 7). Consequently, our findings
suggest a generally low fall risk for the study cohort despite significant limb amputations,
indicating that the VTFS does not contribute to an increased risk of falling for amputees.

To assess the effects of the VTFS intervention on changes in the TUG and FSST, the
minimal detectable change (MDC) values from Table 1 [38,39] were utilized for reference.
In the TUG, the cohort’s median improvement in performance time was 0.39 s, falling
below the minimal detectable change (MDC) reference value for the TUG [38,39]. Although
a statistically significant change in the TUG was observed, determining the exclusive
attribution of this change to the intervention remains uncertain.

Regarding the FSST, the cohort exhibited a median improvement of 2.18 s, surpassing
the established MDC reference value, suggesting intervention-based improvement for
the entire cohort. Additionally, three subjects in the TUG (27%; subjects 5, 8, and 10)
and four subjects in the FSST (36%; p# 1, 8, 10, and 11) demonstrated improvements that
exceeded the minimal detectable change (MDC) values, indicating potential intervention-
based benefits for these individuals.

It is important to note the lack of established minimal clinically important difference
(MCID) values for the TUG and FSST in the literature, which raises uncertainty about the
final clinical significance of these changes.

The 10 MWT and the 2 MWT are commonly used functional assessments for evaluating
an individual’s gait speed and walking endurance, which are indicative of their physical
functionality and ability to use prosthetics [41,42]. Gaunaurd et al. previously established
normative values for the 10 MWT and 2 MWT in unilaterally amputated subjects, with an
average walking speed of 72.1 & 18.8 m/min (equivalent to 1.20 & 0.31 m/s) and an average
walking distance of 143.8 £ 37.5 m [35]. In our study, the cohort’s median walking speed
remained within these ranges at both the initial and follow-up measurements, indicating
normative values for amputated subjects (see Figure 8). For the 2 MWT, the cohort’s median
walking distance was initially below the normative value but increased to fall within the
normative range after the intervention (see Figure 9). On an individual level, two subjects
(18%; p# 2 and 11) exhibited walking speeds below the norm, while four subjects (36%;
p# 3, 6, 7 and 9) even exceeded the norm after the intervention with the VIFS. In terms
of walking distance, six subjects (55%; p# 1, 2, 5, 8, 10 and 11) initially fell below the
established standard (see Figure 9). However, the intervention improved endurance to
within the normative range for three of these subjects (27%; p# 5, 8 and 10). These absolute
improvements suggest that the intervention with the VTFS enhanced the parameters of
walking speed, distance, and gait stability in the amputated cohort.

To evaluate the clinical significance of the observed changes in the 10 MWT and the
2 MWT, we referenced the minimal clinically important difference (MCID) values as outlined
in Table 1 [40]. Surprisingly, the cohort’s median walking speed slightly decreased following
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the intervention (—0.02 m/s). However, it should be noted that five subjects (45%; p# 3, 5, 6, 7
and 10) experienced clinically relevant improvements in walking speed as a result of the VIFS
intervention, as illustrated in Figure 8. Conversely, no clinically significant improvement was
observed in walking distance for the overall cohort, with only one subject (9%; p# 10) achieving
a clinically relevant increase in this parameter, as depicted in Figure 9.

Studies could not show a clear correlation between the 10 MWT and 2 MWT [40,43].
Our findings may suggest that supplementary feedback had a more pronounced impact on
fast movements, such as walking speed, coordination and balance, as opposed to endurance,
which is predominantly an individual achievement of long-term rehabilitation.

Two subjects (p# 2 and 4) showed an absolute decrease in performance across all
four gait tests. Subject 2 suffered from a Complex Regional Pain Syndrome (CRPS) be-
fore his below-knee amputation, and unfortunately, although the CRPS reduced, it per-
sisted after the amputation. During the intervention time the contralateral knee arthrosis
pain of subject 2 increased, which most probably reduced the overall walking ability.
Subject 4 developed a painful neuroma at the residual limb and underwent a revision
surgery [44-46]. The ongoing rehabilitation process after surgery may have contributed to
the decreased performance in the assessed gait parameters at follow-up.

Subject 10 was unable to complete the baseline test due to recent skin-penetration
site revision surgery. The follow-up measurement took place 3.5 months after the surgery,
using a cane. Overall, the results do not allow differentiation of the underlying factor for
the observed improvement.

After an average testing period of 61.5 days, the VTES significantly improved gait
stability (TUG). Overall, 36% showed an intervention-related improvement in coordination
(FSST), 45% a clinically relevant improvement in gait speed (10 MWT) and 9% in endurance
(2 MWT). In total, 63% rated their experience with the VTFS as “good” or better and 45%
wanted to continue using the VIFS. In addition, 36% reported only a minor effect and
found the handling of the system’s wires problematic. However, this issue will be resolved
in the final implementation of the system, where a vibratory actuator pad and the wires
will be integrated into the socket of the prosthesis.

It is noteworthy to emphasize that subject 5, the only subject who underwent TSR
surgery prior to the intervention, demonstrated some of the most significant improvements
following the implementation of the VTES. This subject exhibited unequivocal improve-
ments across all four gait tests, including an intervention-induced enhancement in the TUG,
as well as a clinically relevant increase in walking speed during the 10 MWT. Furthermore,
he rated his experience as “best”, reported a complete resolution of phantom limb pain and
wanted to continue using the system.

This finding suggests that sensory reinnervation and restoration of somatotopy may
unlock the full potential of the VTFS.

Limitations

This study recognizes several significant limitations that should be considered when
interpreting the results. The lack of statistical significance in our cohort may not solely
stem from the ineffectiveness of the applied vibrotactile non-somatotopical feedback but
may also be attributed to limitations in the study design, including the observation period,
and sample size. The small sample size of eleven subjects restricts the generalizability of
the results and hinders comparisons based on varying biomechanical properties, such as
residual limb length, amputation level, level of mobility (K-Level), or unilateral versus
bilateral amputations. While reference values from previous studies can be useful for
categorizing subjects’ performance in gait tests, their applicability for evaluating our
study’s data is restricted. The reference values were derived from unilateral amputee
cohorts and did not account for different amputation levels, despite the substantial impact
that amputation level can have on walking ability and gait stability [4,47-52].

Additionally, the observation period, spanning from 30 to 120 days, may not have
captured the long-term effects and full impact of the device on the gait of lower limb
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amputees, particularly considering the average time since amputation of 6.91 (& 8.35) years.
Although no correlation was found between the individual performance of the subjects
and either the VTFS usage time or the time since amputation, a longer observation period
or larger sample size may reveal potential long-term effects or correlations.

Testing the system on a larger sample size, including both TSR and non-TSR patients,
could better evaluate the differences between these groups using the VTFS. Furthermore,
this study primarily focused on functional assessment and effects of the sensory feedback
device on gait without addressing other important aspects of amputees’ lives, such as
amputation-related pain and prosthesis embodiment, which are known to significantly
influence subjects” quality of life and well-being.

5. Conclusions

In this study, we examined the effects of a non-invasive, gait-synchronized, vibrotactile
feedback system on the walking ability of eleven lower limb amputees. We assessed vari-
ous aspects of walking, including risk of falling (TUG), coordination (FSST), walking speed
(10 MWT), and endurance (2 MWT). Overall, we found a reduced risk of falling when walking
with the VTES (TUG, p = 0.0420 *), with a trend of significant change in coordination (FSST).
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Appendix A

Table Al. Results of the functional gait assessment (TUG, FSST) for all subjects (p#, n = 11). Changes
between initial (t0) and follow-up (t1) measurement are shown in absolute and relative terms (%). A
decrease in the required time to perform the test tests is indicated in green. Respectively, an increase
is displayed in red. TSR = Targeted Sensory Reinnervation, TMR = Targeted Muscle Reinnervation,
OI = Osseointegration, AMI = Agonist-Antagonist Myoneural Interface.

Subject  Mean Value TUG (t0) Mean Value TUG (t1) . Mean Value FSST Mean Value FSST . Type of
(pH) [tins] [tins] ATUG [tin s] t0) [tin s] @) [tin s] AFSST [tin s] Procedure
1 10.65 10.34 —0.31 (—2.9%) 17.69 14.26 —3.43 (—19.4%) Standard
2 16.80 17.54 0.74 (4.4%) 15.18 16.79 1.61 (10.6%) AMI
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Table A1. Cont.
St M e UG Mene UG aruging  MRIUISST Mem M ISST arssioms Pt
3 9.83 8.08 —1.75 (—17.8%) 11.12 941 —1.71 (—15.4%) Standard
4 11.23 12.03 0.8 (7.1%) 1351 16.10 2,59 (19.2%) TMR
5 1871 1273 5.98 (—32%) 25.36 23.60 1.76 (—6.9%) TSR
6 8.83 7.27 —1.56 (—17.7%) 10.40 9.56 —0.84 (—8.1%) AMI
7 10.23 9.23 —1.00 (—9.8%) 11.88 10.93 —0.95 (—8.0%) Standard
8 15.14 10.84 —4.30 (—28.4%) 1291 1035 —2.56 (—19.8%) oI
9 8.07 8.09 0.02 (0.2%) 11.90 10.24 1.66 (—13.9%) Standard
10 17.96 14.28 —3.68 (—20.5%) 14.14 11.33 —2.81 (—19.9%) QI
11 23.16 22.64 —0.52 (—2.2%) 21.42 1558 —5.84 (—27.3%) TMR
Median 11.23 10.84 —0.39 1351 11.33 —2.18

Table A2. Results of the functional gait assessment (10 MWT, 2 MWT) for all subjects (p#). Changes
between initial (t0) and follow-up (t1) measurement are shown in absolute and relative terms (%). An
increase in walking speed in the 10 MWT as well as an increase in walking distance in the 2 MWT are
indicated in green. Respectively, a decrease is displayed in red. As subject 10 was not able to perform
the 10 MWT and 2 MWT at the baseline measurement due to pain, the relative change could not be
calculated and the subject has been excluded from the cohort analysis for the 10 MWT and 2 MWT (1 = 10).
TSR = Targeted Sensory Reinnervation, TMR = Targeted Muscle Reinnervation, OI = Osseointegration,
AMI = Agonist-Antagonist Myoneural Interface.

Mean Value Mean Value

St Moo OMWT Moo 0T oSN AT et
1 0.88 097 0.09 (10.2%) 99 97 —2(—2.0%) Standard
2 0.71 0.56 —0.15 (—21.2%) 75 72 —3 (—4%) AMI
3 118 156 0.38 (32.2%) 145 180 35 (24.1%) Standard
4 1.12 0.98 —0.14 (—12.5%) 125 121 —4 (—3.2%) TMR
5 071 0.97 0.26 (36.6%) 73 109 36 (49.3%) TSR
6 124 1.64 0.4 (32.3%) 167 125 —42 (—25.1%) AMI
7 1.20 241 1.21 (100.8%) 140 170 30 (21.4%) Standard
8 1.07 1.17 0.1 (9.3%) 105 131 26 (24.8%) oI
9 1.97 2.07 0.1 (5.1%) 200 220 20 (10%) Standard
10 0 0.95 0.95 (n.a.) 0 105 105 (n.a.) QI
11 0.59 0.62 0.03 (5.1%) 68 69 1(1.5%) TMR
Median 1.07 098 —0.02 105 121 8
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