
Saffuri et al. 
Journal of NeuroEngineering and Rehabilitation           (2024) 21:67  
https://doi.org/10.1186/s12984-024-01333-w

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of NeuroEngineering
and Rehabilitation

Walking with unilateral ankle‑foot 
unloading: a comparative biomechanical 
analysis of three assistive devices
Eshraq Saffuri1†, Eyal Izak2†, Yinon Tal1, Einat Kodesh3, Yoram Epstein2 and Dana Solav1* 

Abstract 

Background  Foot and ankle unloading is essential in various clinical contexts, including ulcers, tendon ruptures, 
and fractures. Choosing the right assistive device is crucial for functionality and recovery. Yet, research on the impact 
of devices beyond crutches, particularly ankle-foot orthoses (AFOs) designed to unload the ankle and foot, is limited. 
This study investigates the effects of three types of devices—forearm crutches, knee crutch, and AFO—on biome-
chanical, metabolic, and subjective parameters during walking with unilateral ankle-foot unloading.

Methods  Twenty healthy participants walked at a self-selected speed in four conditions: unassisted able-bodied 
gait, and using three unloading devices, namely forearm crutches, iWalk knee crutch, and ZeroG AFO. Comprehensive 
measurements, including motion capture, force plates, and metabolic system, were used to assess various spati-
otemporal, kinematic, kinetic, and metabolic parameters. Additionally, participants provided subjective feedback 
through questionnaires. The conditions were compared using a within-subject crossover study design with repeated 
measures ANOVA.

Results  Significant differences were found between the three devices and able-bodied gait. Among the devices, 
ZeroG exhibited significantly faster walking speed and lower metabolic cost. For the weight-bearing leg, ZeroG exhib-
ited the shortest stance phase, lowest braking forces, and hip and knee angles most similar to normal gait. However, 
ankle plantarflexion after push-off using ZeroG was most different from normal gait. IWalk and crutches caused 
significantly larger center-of-mass mediolateral and vertical fluctuations, respectively. Participants rated the ZeroG 
as the most stable, but more participants complained it caused excessive pressure and pain. Crutches were rated 
with the highest perceived exertion and lowest comfort, whereas no significant differences between ZeroG and iWalk 
were found for these parameters.

Conclusions  Significant differences among the devices were identified across all measurements, aligning with pre-
vious studies for crutches and iWalk. ZeroG demonstrated favorable performance in most aspects, highlighting 
the potential of AFOs in enhancing gait rehabilitation when unloading is necessary. However, poor comfort and atypi-
cal sound-side ankle kinematics were evident with ZeroG. These findings can assist clinicians in making educated 
decisions about prescribing ankle-foot unloading devices and guide the design of improved devices that overcome 
the limitations of existing solutions.
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Background
Numerous medical conditions affect the foot and ankle, 
including diabetic foot ulcers, Charcot neuroarthropathy, 
Achilles tendon ruptures, foot and ankle fractures and 
sprains, and surgical procedures such as ankle replace-
ment or fusion. These conditions often require the 
patients to unload the affected leg for prolonged dura-
tions. For example, previous studies have reported peri-
ods of approximately 4–8 weeks for ankle fractures [1], 
up to 24 weeks for Charcot osteoarthropathy [2], and up 
to 38 weeks for diabetic ulcers [3]. Consequently, ambu-
latory assistive devices are commonly prescribed to facili-
tate ambulation while avoiding undesired weight-bearing 
of the affected leg [4].

Currently, crutches constitute the standard care for 
enabling patients to walk without loading their ankle 
or foot [5] (Fig. 1a). Compared to wheelchairs, crutches 
allow greater mobility and functionality, which are ben-
eficial to patient health and rehabilitation outcomes [6]. 
However, studies have shown that crutch gait tends to 
be slower and less energetically efficient than normal 
gait [5, 7–10], and limits the use of the upper extremities 
[11]. Compared to normal gait, crutches alter the walk-
ing pattern, joint kinematics, and ground reaction force 
(GRF) patterns [8, 12–14]. The unloading and immobili-
zation of the affected leg may cause muscle atrophy and 
bone density decrease in the unloaded leg [15–18]. For 
example, significant reductions in thigh and calf muscle 
tissue cross-sectional area were found after four weeks of 
non-weight-bearing in patients with foot fractures [15], 
and bone density significantly decreased after 6 weeks 
of non-weight-bearing and continued to decrease even 

after 6 and 13 weeks of full weight-bearing [18]. Further-
more, crutch usage may lead to increased loading on the 
weight-bearing leg and upper extremities, which could be 
detrimental to some patients, particularly in prolonged 
use [12, 19–22]. Specifically, one-leg swing-through 
crutch gait has been cautioned against for patients with 
diseased bones and joints in the lower limb, due to the 
increased GRFs on the weight-bearing leg [12, 19]. More-
over, the reaction forces transmitted to the arms could be 
harmful to patients with unsound upper extremities and 
may be linked to secondary conditions such as hematoma 
formation, Ulnar nerve compression neuropathy, and 
Ulnar stress fractures [12, 20–22].

Recently, alternative devices have been proposed for 
unloading the foot and ankle while walking. One such 
device is the iWalk knee crutch (iWALKFree, Inc., Long 
Beach, CA, USA), which enables hands-free gait with a 
non-weight-bearing status of the lower leg. Its struc-
ture consists of a single L-shaped crutch, onto which 
the user’s shank and thigh are secured via straps. Dur-
ing walking, the knee is maintained at a flexed 90-degree 
angle, and the foot and ankle are unloaded (Fig. 1b). Pre-
vious research has demonstrated that walking with iWalk 
is associated with reduced upper limb discomfort and 
superior patient-perceived exertion and preference com-
pared to traditional axillary crutches [23]. Furthermore, a 
previous study has found that walking with iWalk causes 
only slight changes in the biomechanical gait patterns 
examined in the unaffected limb, compared with normal 
gait [24].

Another type of device that may provide ankle-foot 
unloading, is an ankle-foot orthosis (AFO). Particularly, 

Fig. 1  The ankle-foot unloading devices examined in this study: a Forearm crutches (CR), b iWalk 2.0 (IW), c Zero-G Ankle Foot Orthosis (ZG). All 
the devices were used such that only one foot is weight-bearing and the other one is completely unloaded
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an AFO can be designed such that the GRFs are trans-
ferred to the shank via a brace tightened around it 
while maintaining complete unloading of the affected 
foot. While most AFOs are custom-designed and fitted 
to patients in specialized clinics, the ZeroG AFO (Cer-
tified Orthopedics, Inc., Fort Collins, CO, USA) claims 
to be the only prefabricated brace that offers complete 
unloading of the foot and ankle [25] (Fig. 1c). Extensive 
research exists on AFOs that provide ankle support for 
conditions such as muscle weakness, motor control 
deficits, spasticity, and instability [26–29]. Moreover, 
the effects of braces and casts that provide partial off-
loading on plantar pressure have been studied [30, 31]. 
However, to our knowledge, biomechanical analyses 
of unloading AFOs, such as the ZeroG, have not been 
published. Nevertheless, we anticipate that unloading 
AFOs may be advantageous over crutches for several 
reasons. First, similarly to the knee crutch, they allow 
for increased mobility of the upper extremities. Second, 
they allow mobility and loading of the proximal affected 
leg (above the injured distal part), which may promote a 
more symmetric and natural walking pattern and lower 
metabolic cost. Finally, as discussed above, they have 
the potential to mitigate adverse effects on the proximal 
bones, joints, and muscles.

This study aims to investigate the biomechanical, met-
abolic, and subjective outcomes of walking with three 
different ankle-foot unloading devices compared to unas-
sisted normal gait (NG). Using a within-subject crosso-
ver study design with repeated measures, we compared 
each participant’s NG with their gait using three devices: 
forearm crutches (CR), iWalk (IW), and ZeroG (ZG), as 
shown in Fig. 1). The experiments consisted of 20 healthy 
participants walking at self-selected speed at each of the 
four conditions. The three-dimensional kinematics of 
the joints and the center of mass (CoM), the GRFs, and 
metabolic cost were measured, and the participants pro-
vided subjective ratings for stability, perceived exertion, 
comfort, pressure, and pain through questionnaires. The 
comparison of joint kinematics and GRF focused on the 
weight-bearing limb since it allows for direct comparison 
between the conditions, and because increased GRFs and 
atypical kinematics of the weight-bearing leg can cause 
overstrain and secondary injuries, as previous studies 
have shown in the case of crutches.

We hypothesize that all devices will significantly alter 
gait parameters compared to normal gait. However, we 
expect the ZeroG to result in smaller gait alterations 
because it permits mobility and loading of the unloaded 
leg’s knee and hip joints. Additionally, we anticipate that 
crutches would lead to increased GRF peaks and meta-
bolic cost, similar to previous studies, and that iWalk 
would cause increased CoM mediolateral fluctuations 

because the locked knee requires hip circumduction to 
swing the device forward.

The findings from this study could help elucidate the 
quantitative effects of each device on different biome-
chanical parameters. This knowledge could be valuable 
for clinicians in prescribing the most suitable device for 
each patient’s individual condition, in order to improve 
their functionality during recovery and minimize the risk 
of adverse effects associated with the device. This knowl-
edge could be particularly important in cases that require 
prolonged periods of ankle-foot unloading, as the accu-
mulated impact can become more pronounced. Further-
more, the insights gained from this study could inform 
the design of improved devices that overcome the limita-
tions of existing devices.

Methods
Devices
Three devices for unilateral foot-ankle unloading were 
selected for this study: 

1.	 Forearm crutches (CR), also known as Canadian 
crutches. We used the model Access Comfort (FDI 
FRANCE MÉDICAL, Fitilieu, France), weight: 0.48 
kg (Fig. 1a).

2.	 iWalk (IW), version 2.0 (iWALKFree, Inc., Long 
Beach, CA, USA), weight: 2.09 kg (Fig. 1b).

3.	 ZeroG (ZG) AFO (Certified Orthopedics, Inc., 
Fort Collins, CO, USA), size medium calf lacer 
and AFO base, weight: 1.49 kg (Fig.  1c). A gel liner 
( ComfortZone

TM Ultra Cushion, Silipos Holding 
LLC., NY, USA) was worn to add cushioning between 
the calf lacer and the shank. A shoe leveler (EVENup, 
Oped Medical, Inc., Buford, GA, USA) was added 
under the shoe of the weight-bearing foot to equate 
the length of both legs, as recommended by the 
manufacturer. During our preliminary testings, we 
encountered difficulties preventing contact between 
the forefoot and the AFO base, especially during late 
stance. To address this issue, we added a wide strap 
to the calf lacer, which helped provide support to the 
forefoot and prevent plantarflexion. This ensured 
that unloading was maintained throughout the gait 
cycle.

Study population
Twenty healthy participants were recruited (9 males 
and 11 females, age: 27.2 ± 5.5 years, height: 167.1 ± 6.9 
cm, mass: 65.3 ± 8.9 kg). All participants were free from 
current injury or any condition that might affect typical 
walking patterns. Moreover, all participants were within 
the sizing range suitable for the medium-size ZeroG, per 
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the manufacturer’s fitting instructions. The study was 
approved by the Institutional Review Board at Techn-
ion (#108-2020). Before their inclusion and following a 
detailed explanation of the study requirements, partici-
pants provided written informed consent.

Experimental protocol
Participants visited the Mechanical Engineering Faculty 
at the Technion on two consecutive days. On the first 
visit, a certified physical therapist fitted the devices on 
the non-dominant leg. Leg dominance was determined 
by asking participants which leg they would use to kick 
a ball. Participants were instructed to completely unload 
their non-dominant leg when walking (i.e., lifting their 
non-dominant leg completely off the floor using CR, and 
ensuring the plantar foot surface is unloaded when using 
ZG). After familiarization with each device, the partici-
pants performed a six-minute walking test (6MWT) at a 
self-selected speed along an indoor 50 m corridor. First, 
they walked without any device (NG condition) and then 
with each device in random order. The Oxygen consump-
tion (VO2) was measured using a wearable metabolic 
system (K5, COSMED, Rome, Italy), and the distance 
walked at each 6MWT was recorded for calculating the 
mean walking speed. After each condition, the partici-
pants were given a ten-minute rest period, during which 
they filled out a questionnaire, rating their perceived 
exertion, stability, and comfort, on a 0–10 scale. Addi-
tionally, they were asked to indicate any pain or pressure 
regions caused by the devices (using a body chart) and 
rate them on a 0–10 scale. On the second visit, the partic-
ipants arrived at the Technion BRML laboratory, where 
a 16-camera three-dimensional motion capture system 
(Vicon Motion Systems Ltd, Oxford, UK) was used to 
collect kinematic data at 120Hz. Participants were fit-
ted with 39 reflective markers according to the Plug-In-
Gait Full body model. Walking trials consisted of walking 
at a self-selected speed along a 10 m straight walkway 
equipped with two floor-embedded force plates (OR6-
7-1000, AMTI Inc., Watertown, MA, USA), recording 
the GRF at 960 Hz. For each condition, 10–20 gait cycles 
(GCs) were recorded, and the conditions were conducted 
in the same random order as in the first visit.

Data processing
The metabolic cost for each condition was calculated 
by normalizing the mean VO2 by the participant’s body 
mass. The data were subsequently normalized by the 
walking speed (calculated from the walking distance 
during the 6MWT), which reflects its efficiency, i.e., the 
aerobic demand per unit of distance walked [32]. The 

marker trajectories and the GRF data were processed 
using Nexus 2.9.3 software (Vicon Motion Systems Ltd, 
Oxford, UK) to extract the hip, knee, and ankle sagit-
tal plane joint angles, body center of mass (CoM) tra-
jectories, and the initial contact (IC) and toe-off (TO) 
gait events. GCs in which the participant stepped on 
the edges of the force plate were excluded from the 
analysis. The raw signals of the joint angles and GRF 
were filtered using a low-pass Butterworth filter, using 
a 4th-order filter with a cut-off frequency of 6Hz and 
a 2nd-order filter with a cut-off frequency of 10 Hz, 
respectively. For each trial, the GC of the weight-bear-
ing leg was defined between two consecutive ICs, and 
the stance phase duration was defined from IC to TO. 
Consequently, all GCs were temporally aligned and 
interpolated between 0 and 100%. Moreover, the GRFs 
were normalized by each participant’s body weight. 
Furthermore, the minimum and maximum local peaks 
of the joint angles and the anterior-posterior and verti-
cal components of the GRF were identified. Note that 
the analysis of joint angles and GRF focused on the 
weight-bearing leg to allow direct comparison between 
the devices since the unloaded leg is supported differ-
ently in each condition (free to move and completely 
unloaded using CR, loaded from the knee upwards 
with a fixed knee flexion using IW, and loaded from the 
shank upwards with the knee free to articulate using 
ZG).

Statistical analysis
The statistical analysis was carried out using SAS 9.4 
(SAS Institute Inc., Cary, NC). Normality tests were 
conducted using the Kolmogorov-Smirnoff test for the 
following parameters: GRF peaks, CoM range of fluc-
tuation, joint angles peaks, walking speed, metabolic 
cost, stance phase duration, and subjective parameters. 
To analyze the intra-subject differences, a one-way 
Analysis of Variance (ANOVA) model with repeated 
measures was applied. Significant differences between 
pairs were determined using the studentized maximum 
modulus multiple comparison adjustment method, also 
known as Hochberg’s GT2 [33], which is utilized to 
evaluate significant differences between group means 
in the context of multiple pairwise comparisons. To 
address the violation of the normality assumption of 
ANOVA, the variables that exhibited a non-normal dis-
tribution were corrected by applying a monotonically 
ranked transformation. If the distribution remained 
non-normal after the transformation, a Friedman test 
was performed, a post-hoc analysis was carried out 
using Wilcoxon signed-rank tests, and a Bonferroni 
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correction was applied. A significance level of p < 0.05 
was considered statistically significant.

Results
All the parameters followed a normal distribution except 
for hip angle peaks, CoM in both directions, the first 
peak of vertical GRF, and the perceived exertion. Only 
the latter remained non-normal after the transformation. 
All the results of the statistical analysis are provided in 
the Additional file 1.

Spatiotemporal, metabolic, and subjective parameters
The results of the average walking speed and the meta-
bolic cost measured during the 6MWT are presented in 
Fig.  2a and  b, respectively. All the devices caused a sig-
nificant ( p < 0.0001 ) reduction in walking speed com-
pared to NG (1.19 m/s). Among the devices, walking with 
the ZG (0.78 m/s) was significantly faster than walking 
with CR and IW (0.47 and 0.52 m/s, respectively). All 
the devices exhibited significantly greater metabolic cost 
than NG. Among the devices, ZG resulted in significantly 
lower metabolic cost than IW ( p = 0.0006 ) and CR 
( p < 0.0001 ). The stance phase durations are shown in 
Fig. 2c. All devices resulted in significantly longer stance 
phase duration relative to NG (62%GC, p < 0.0001 ), 

with ZG (68%GC) significantly shorter than CR (76%GC, 
p = 0.0005 ) and IW (72%GC, p = 0.0011).

The subjective participant ratings are presented in 
Fig.  2d–f. The perceived exertion using CR was sig-
nificantly higher than both IW ( p = 0.0004 ) and ZG 
( p < 0.0001 ), which showed similar ratings ( p < 0.0001 ). 
CR was also rated significantly less comfortable than IW 
( p = 0.002 ), with nonsignificant differences between the 
other pairs. ZG was rated significantly more stable than 
IW ( p = 0.017 ) and CR ( p = 0.042 ), which showed non-
significant differences.

Joint kinematics
The results of the weight-bearing leg’s hip, knee, and 
ankle sagittal plane angles are shown in Figs. 3,  4, and  5, 
respectively. In each figure, panel (a) depicts the angles 
over a GC, panels (b) and (d) present selected peak val-
ues, and panels (c) and (e) the corresponding %GC in 
which they occurred. The full statistical results are pro-
vided in the Additional file 1.

Compared to NG, the first peak of the hip angle, cor-
responding to the maximum hip flexion at the beginning 
of the stance phase, was significantly higher for IW and 
nonsignificantly different for the other conditions. While 
this peak occurred right at IC for NG, all the devices 
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significantly delayed its timing. The second peak, which 
typically corresponds to the maximum hip extension 
during late stance, was most significantly altered using 
CR, resulting in the absence of hip extension. Moreover, 
IW and ZG also caused a significant reduction and delay 
in hip extension, with the most extended delay obtained 
for CR, followed by IW and ZG.

The first peak of the knee angle, which corresponds to 
the maximum flexion during stance, exhibited a signifi-
cant increase using CR compared to all other conditions. 
Conversely, using IW and ZG resulted in no significant 
differences from NG. The peak occurred significantly 
earlier using CR and IW, whereas ZG exhibited no sig-
nificant difference relative to NG. The second peak, 
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corresponding to the maximum knee flexion during 
swing, significantly decreased with all devices. However, 
ZG showed a significantly smaller reduction than CR and 
IW. All the devices resulted in significantly delayed tim-
ing relative to NG, with the longest delay obtained for 
CR, followed by IW and ZG.

The ankle angle first peak, corresponding to the maxi-
mum ankle dorsiflexion during late stance, showed no 
significant differences between the conditions. However, 
all the devices exhibited a delay in the peak, compared to 
NG. The second peak, corresponding to the maximum 
plantarflexion after push-off, significantly decreased 
using ZG and was significantly delayed by all the devices 
compared to NG.

Center of mass
The mediolateral and vertical trajectories of the CoM are 
illustrated in Fig. 6. In the mediolateral direction, IW and 
CR exhibited significantly larger and lower CoM fluctua-
tion ranges than all other conditions, respectively. The 
vertical CoM fluctuation range was similar for NG, IW, 
and ZG, whereas CR exhibited significantly larger fluc-
tuations than all the other conditions.

Ground reaction forces
Figure 7 summarizes the results of the vertical and ante-
rior-posterior GRFs of the weight-bearing leg over the 
stance phase. The first peak of the vertical GRF, occur-
ring during weight acceptance, significantly increased 
using CR, compared to all other conditions. Moreover, 

it occurred significantly earlier using all devices than in 
NG, with the CR causing the most significant difference, 
followed by IW and ZG, the latter being closest to NG. 
The second peak of the vertical GRF, occurring during 
push-off, was significantly reduced using all the devices, 
with no significant differences among them. Moreover, 
for all the devices, the second peak occurred significantly 
earlier than in NG despite a larger variance caused by the 
flatter peaks. The magnitude of the first peak of the ante-
rior-posterior GRF, corresponding to the braking force 
during weight acceptance, most significantly increased 
using CR and showed no significant difference between 
ZG and NG. This peak occurred significantly earlier 
using all devices, with the most significant difference for 
CR, followed by IW and ZG. The second peak, corre-
sponding to the propulsion force during late stance, was 
less affected by the devices, although significant reduc-
tions in force and timing were exhibited for ZG.

Pressure and pain feedback
The regions of pressure and pain reported by the partici-
pants are summarized in Table   1. The most frequently 
mentioned regions were the hands for CR and the shank 
for ZG and IW.

Discussion
This study examined the effects of three different devices 
for unilateral foot/ankle unloading on biomechanical, 
physiological, and subjective parameters measured dur-
ing walking. Several studies have previously examined 
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the effects of axillary or forearm crutches and hands-
free knee crutch, such as IW. However, to the best of our 
knowledge, this is the first study to conduct a broad scope 
of comprehensive biomechanical analysis, metabolic cost, 
and subjective evaluation of an unloading AFO compared 
to other devices. Overall, the ZG AFO showed favorable 
results across most parameters but performed poorly in 
terms of comfort.

Spatiotemporal, metabolic, and subjective parameters
Among the devices, the self-selected walking speed was 
significantly higher using ZG, but all the devices exhib-
ited significantly slower walking speed than NG (Fig. 2a). 
Similarly, previous studies reported significantly slower 
walking using IW compared to NG [24, 34] and sig-
nificantly faster walking with IW compared to CR [35]. 
Contrary to our findings, other studies found that par-
ticipants walked slower with IW than with CR. However, 
they used axillary crutches [23, 34]. We selected forearm 
crutches based on their overall superior performance 
over axillary crutches reported in terms of walking speed, 

metabolic cost, and pressure on the upper extremities [5]. 
Since the post-hoc results showed significant differences 
in self-selected walking speed between the conditions, 
we conducted an additional statistical analysis with walk-
ing speed as a covariate variable, to evaluate the effect of 
walking speed on the other variables. The results of this 
analysis are included in the Additional file  1. Neverthe-
less, it is crucial to recognize that patients will naturally 
adopt a self-selected walking speed in real-life clinical 
scenarios. Therefore, evaluating parameter values with-
out controlling for walking speed offers insights into the 
loads and motion that patients genuinely experience and 
provides a relevant and practical perspective.

We found the highest metabolic cost while using CR, 
followed by IW, ZG, and NG, with statistically signifi-
cant differences between all pairs (Fig. 2b). The CR and 
IW results are consistent with previous research [34, 35]. 
Moreover, these results correspond well with the partici-
pants’ rated perceived exertion, which was significantly 
higher for CR, albeit comparable between IW and ZG. 
These differences in perceived exertion ratings between 
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CR and IW are consistent with previous studies [23, 34]. 
The higher walking speed and lower metabolic cost of ZG 
support our hypothesis that the ZG would lead to a more 
natural gait pattern, resulting in a faster and more ener-
getically efficient gait.

The significantly longer stance phase durations of 
the weight-bearing leg, observed using IW and CR 
(Fig.  2c) are consistent with the difference in walking 
speed [36], and with previous research [5, 24]. The par-
ticipants may have increased the stance duration of their 
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weight-bearing leg to compensate for their lack of stabil-
ity, as indicated by their stability ratings. The ZG exhib-
ited significantly higher stability rating and shorter stance 
phase than the other devices. Using CR and IW, partici-
pants shortened the swing phase of the weight-bearing 
leg, subsequently shortening the duration spent on the 
IW in single support and on the CR with no leg-ground 
contact, which are unstable configurations.

Joint kinematics
All the devices altered the sagittal plane joint kinemat-
ics of the weight-bearing leg compared to NG. However, 
the ZG resulted in a walking pattern that was over-
all more similar to NG in most parameters. Particu-
larly, hip extension (Fig.  3) at push-off was significantly 
reduced using IW (in agreement with previous research 
[24]), contributing to a shorter stride length and reduced 
walking speed. This is likely attributed to the challenge 
of swinging forward the leg fitted with the IW, given its 
relatively heavy mass and the limitation to knee flex-
ion, making ground clearance a more challenging task. 
Using CR, the absence of hip extension was likely due 
to the forward inclination of the upper body, assisted by 
the CR [8]. The hip angles using ZG were most similar 
to NG, and the significant differences observed in the 
peak angles became nonsignificant once accounting for 
walking speed as a covariate (see Additional file 1). This 
suggests that the enabled knee mobility on the affected 
side contributed to a more natural walking pattern on the 
weight-bearing side. The significant delay in hip exten-
sion observed for all the devices is consistent with their 
longer stance phase.

Similarly, the knee flexion angles of the weight-bearing 
leg were less affected by ZG than CR and IW (Fig.  4). 
Particularly, CR caused a significantly larger knee flex-
ion peak during stance, in agreement with previously 
reported results [8], whereas IW and ZG did not alter 
this peak significantly. However, after accounting for 
walking speed, the differences between NG-IW and 

NG-ZG became significant (see Additional file 1), which 
is consistent with previous findings associating slower 
walking speed with reduced peak knee flexion during 
stance [37, 38]. The second knee flexion peak, occurring 
during swing, was significantly lower using CR and IW 
(in agreement with previous findings [24]), consistently 
with the shorter swing period and instability reported 
with these devices. The use of ZG also reduced the peak 
of swing knee flexion, but significantly less than the other 
devices. As with the hip angle, the delay observed in the 
second peak is consistent with the delayed TO using the 
devices.

The effects of the devices on the weight-bearing ankle 
angles were less pronounced than the other joints (Fig. 5). 
The dorsiflexion angle during stance was nonsignificantly 
altered by all devices, and its delay was mainly due to the 
extended stance phase. Conversely, the push-off plantar-
flexion was significantly reduced by the ZG, but not by 
the other devices. However, this variable exhibited large 
variability, and when accounting for walking speed as a 
covariate, this significance reversed. The reduced push-
off plantarflexion could be related to the shoe leveler 
worn on the weight-bearing leg during the ZG condi-
tion for equating the leg lengths. This may have caused 
the participants to hesitate to fully plantarflex their ankle, 
since the shoe leveler can slightly slip relative to the 
shoe. This difference can also explain the reduced push-
off GRF using the ZeroG. Additionally, the ZG AFO has 
a locked ankle joint and a relatively long and flat sole, 
which might impair the initial roll-over motion of the 
affected leg occurring in parallel to the weight-bearing 
leg’s plantarflexion peak. Conversely, the IW has a short 
and rounded contact with the ground, which may have 
assisted in obtaining a more natural contralateral ankle 
push-off movement.

Center of mass
Several significant differences have been identified in the 
patterns of the CoM (Fig. 6). The increased mediolateral 

Table 1  The ratings of pressure and pain locations on the unloaded leg indicated by the participants for each device

Device Rated pressure Rated pain

Region Number of 
participants

Intensity, mean ± SD Region Number of 
participants

Intensity, mean ± SD

CR Hands 13 5.08 ± 1.87 Hands 4 5.94 ± 3.06

Forearm 3 3.13 ± 1.90 Forearm 1 2.90

IW Thigh 2 1.85 ± 1.35 Thigh 2 3.25 ± 2.55

Shank 7 3.14 ± 2.46 Shank 3 2.80 ± 2.33

ZG Shank 19 5.43 ± 1.99 Shank 12 5.52 ± 2.51

Foot 6 3.80 ± 2.80 Foot 6 4.15 ± 2.29
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CoM fluctuation observed with the IW may have resulted 
from the inability to flex the knee using IW, which 
required the participants to abduct their hips during 
swing (circumduction) to achieve proper ground clear-
ance. This movement, together with the relatively large 
weight of the IW, required shifting of the CoM towards 
the unaffected leg, as evident in 6). In contrast, CR exhib-
ited the smallest mediolateral CoM fluctuation, which 
indicates that the participants used the CR’s contact with 
the ground to propel their body forward in a straighter 
line. Although smaller mediolateral COM fluctuations 
may be attributed to improved balance, the participants 
rated CR as the most unstable.

Regarding vertical CoM, CR resulted in a significantly 
larger fluctuation range than ZG and IW, which exhib-
ited fluctuations similar to NG. Note that the absolute 
values of IW and ZG are higher. For IW, this could be 
attributed to the lack of knee flexion, and for ZG this is 
a result of the added height of the device and the shoe 
leveler. Nevertheless, despite the higher CoMs, their fluc-
tuation ranges remained similar to NG. Minimizing CoM 
vertical fluctuation is commonly thought to be related to 
minimized mechanical work and metabolic cost [39, 40], 
supporting our findings. However, it is noted that the 
opposite hypothesis also prevails, but it refers to able-
bodied gait [41].

Ground reaction forces
Several notable effects on the GRF patterns have been 
observed (Fig.  7). CR resulted in significantly higher 
braking GRFs in both vertical and posterior directions, 
consistent with previous findings [12, 19]. This can be 
explained by the weight-bearing foot contacting the 
ground after a short swing-through phase whereby the 
body accelerates forward, supported only by the crutches. 
The abrupt brake of this acceleration likely led to the 
elevated GRF values and rates of change (slope) seen for 
CR. These elevated peak forces and loading rates are even 
more prominent, considering that the walking speed was 
slower than in NG, for all devices. Since increased walk-
ing speed is associated with increased GRFs [37, 42], 
these differences would likely increase if compared at the 
same walking speed. This assumption is also supported 
by the statistical analysis that includes walking speed as 
a covariate variable (see supplementary file S1). Increased 
braking forces might be detrimental to the weight-bear-
ing leg, particularly for patients with comorbidities. In 
contrast, the lower GRF braking peaks obtained using 
ZG and IW may be beneficial in limiting the risk of injury 
to the weight-bearing leg. The significant reduction in 
propulsive GRFs during push-off (second peak) for ZG 
and IW could also be explained by the slower walking 
speed, as also indicated by the nonsignificant differences 

from NG, when walking speed is taken as a covariate (see 
Additional file 1).

Summary and participant feedback
Overall, if we consider a smaller deviation from natural 
unassisted gait a positive indicator, the ZG performed 
favorably in most metrics and could be viewed as a 
preferable alternative to CR and IW. However, the pres-
sure and pain feedback provided by the participants 
reveals that it inflicted the most excessive pressure and 
pain, particularly on the shank region where the brace 
is tightened. This suggests that the soft calf lacer of the 
ZG may be inadequate for complete unloading, whereby 
the entire GRF is transferred through the shank. Instead, 
a rigid brace, similar to an open transtibial prosthetic 
socket, may provide improved results [43]. However, 
a rigid brace must be custom-made and not prefabri-
cated. Furthermore, keeping the forefoot from contact-
ing the AFO sole during late stance was challenging, in 
agreement with previously reported for patellar tendon 
bearing braces and casts [30, 44]. To avoid any con-
tact between the forefoot and the AFO base, we had to 
increase the height of the heel above the AFO base and 
support the forefoot with a strap, which contributed to 
the discomfort reported by a few participants. The CR 
and IW caused discomfort to fewer participants, mainly 
on the hands and shank, respectively, aligning with pre-
vious reports [5, 23, 35]. Moreover, it is important to 
note that AFOs such as the ZeroG require a significantly 
longer time, usually a few minutes, to be put on. There-
fore, in situations where quick assistance is needed for a 
short period of time, crutches may still be the preferable 
option.

Limitations
This study encompasses several limitations. First, our 
study population was exclusively comprised of young, 
healthy individuals. While the fact that the participants 
did not have an injured foot may not significantly impact 
the results, given that the foot was completely unloaded 
during walking, it restricts the generalizability of find-
ings to broader populations. Moreover, it is worth not-
ing that this design allowed for the comparison of each 
parameter to the participant’s baseline. Future research 
should explore the effects of these devices on older indi-
viduals and patients with diverse injuries and patholo-
gies. Second, we studied only walking at self-selected 
speed on level ground, whereas a rehabilitation process 
typically includes other activities of daily living, such as 
walking on uneven and inclined surfaces, stair ascent and 
descent, sit-to-stand, and more. Furthermore, additional 
biomechanical parameters, such as joint kinematics and 
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kinetics in the transverse and coronal planes, and plantar 
pressure, should also be examined.

Impact
Using assistive devices in situations that require unload-
ing can provide valuable benefits across diverse domains, 
such as enhancing mobility, supporting independence, 
facilitating active participation in daily life, encouraging 
physical activity, and enhancing cardiovascular and met-
abolic health [42]. Choosing the right device plays a key 
role in maintaining functionality and mitigating adverse 
effects on the affected leg (e.g., muscle atrophy and bone 
density reduction in the proximal leg regions that can be 
mobilized and loaded), as well as the weight-bearing leg 
and upper body (e.g., nerve compression and fractures). 
Additionally, maintaining a more even weight distribu-
tion and natural gait pattern may lead to a shorter accli-
mation period with the device and enhanced safety and 
balance, although this still needs to be verified in future 
clinical studies.

Achieving consistent and proper adherence to offload-
ing devices remains a challenge, particularly in diabetic 
foot ulcers [45]. To optimize their impact, it is crucial 
to understand how these devices affect biomechanics, 
energy consumption, and user experience. Informing 
healthcare professionals about the different multi-facto-
rial effects of each device can help them choose the best 
device for a particular patient. Moreover, the insights 
gained from this study can lead to advancements in 
device design, overcoming the identified limitations, and 
resulting in improved user satisfaction and clinical effec-
tiveness, thereby maximizing their impact in real-world 
healthcare scenarios.

Conclusion
In summary, this study aimed to investigate the effect of 
three different devices for foot-ankle unloading on walk-
ing biomechanics, metabolic cost, and preference. Sig-
nificant differences among the devices were identified 
across all parameters, with results from crutches and 
iWalk aligning with previous studies. The ZeroG demon-
strated favorable performance in most aspects, highlight-
ing the potential of AFOs in enhancing gait rehabilitation 
when unloading is necessary. However, ZeroG’s short-
comings in terms of comfort and sound-side ankle kin-
ematics were evident.

These findings may offer valuable insights for research-
ers and clinicians, which could aid in informed decision-
making regarding the prescription of such devices for 
patients with foot-ankle injuries and pathologies. Fur-
thermore, future work may leverage these results toward 
the design of enhanced ankle-foot unloading devices that 
improve rehabilitation and patient care.

Abbreviations
6MWT	� 6 Minute Walk Test
AFO	� Ankle foot orthosis
BW	� Body weight
CoM	� Center of mass
CR	� Crutches
IC	� Initial contact
IW	� iWalk
NG	� Normal gait
SP	� Stance phase
TO	� Toe off
ZG	� ZeroG

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12984-​024-​01333-w.

Additional file 1. This file contains the statistical analysis results for all the 
investigated parameters. The left columns present the original analysis, 
and the right columns present the modified analysis, in which walking 
speed is a covariate variable. Results (p-values) that changed from statisti-
cally significant to nonsignificant in the modified analysis are highlighted 
in blue, and results that changed from nonsignificant to significant are 
highlighted in green.

Acknowledgements
The authors would like to thank Dana Hadar for her assistance with the statisti-
cal analysis, as well as to the study participants for their time and dedication.

Author contributions
Conceptualization: D.S. Data acquisition: E.S., E.I., and Y.T. Data processing: E.S., 
E.I., and Y.T. Data interpretation: E.S., E.I., Y.T., E.K., and D.S. Manuscript draft: 
E.S., E.I., and D.S. Manuscript revisions: E.S., E.I., Y.T., E.K., Y.E., and D.S. All authors 
approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Institutional Review Board at Technion (#108-
2020). Before their inclusion and following a detailed explanation of the study 
requirements, participants provided written informed consent.

Consent for publication
Individual participant’s data are used with informed consent.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Faculty of Mechanical Engineering, Technion Israel Institute of Technology, 
Haifa, Israel. 2 School of Public Health, Faculty of Medicine, Tel Aviv University, 
Tel Aviv, Israel. 3 Department of Physical Therapy, University of Haifa, Haifa, 
Israel. 

Received: 30 November 2023   Accepted: 5 March 2024

https://doi.org/10.1186/s12984-024-01333-w
https://doi.org/10.1186/s12984-024-01333-w


Page 13 of 13Saffuri et al. Journal of NeuroEngineering and Rehabilitation           (2024) 21:67 	

References
	1.	 Swart E, Bezhani H, Greisberg J, Vosseller JT. How long should patients be 

kept non-weight bearing after ankle fracture fixation? A survey of OTA 
and AOFAS members. Injury. 2015;46:1127–30.

	2.	 Christensen TM, et al. Duration of off-loading and recurrence rate in 
charcot osteo-arthropathy treated with less restrictive regimen with 
removable walker. J Diabetes Complications. 2012;26:430–4.

	3.	 Elraiyah T, et al. A systematic review and meta-analysis of off-loading 
methods for diabetic foot ulcers. J Vasc Surg Manag Diabet Foot. 2016;63: 
59S–68S.e2.

	4.	 Bus SA, et al. Guidelines on offloading foot ulcers in persons with diabe-
tes (IWGDF 2019 update). Diabetes/Metab Res Rev. 2020:36.

	5.	 Rasouli F, Reed KB. Walking assistance using crutches: a state of the art 
review. J Biomech. 2020;98.

	6.	 Haubert LL, et al. A comparison of shoulder joint forces during ambula-
tion with crutches versus a walker in persons with incomplete spinal cord 
injury. Arch Phys Med Rehabil. 2006;87:63–70.

	7.	 Lee JU, et al. Analysis of plantar foot pressure during the non-crutch, two-
point, and four-point crutch gait performed by healthy volunteers. J Phys 
Ther Sci. 2011;23:489–93.

	8.	 Li S, Armstrong CW, Cipriani D. Three-point gait crutch walking: variability 
in ground reaction force during weight bearing. Arch Phys Med Rehabil. 
2001;82:86–92.

	9.	 Mcbeath AA, Bahrke M,  Balke B. Efficiency of assisted ambulation deter-
mined by oxygen consumption measurement. JBJS. 1974;56:994-1000.

	10.	 Sankarankutty M, Stallard J, Rose GK. The relative efficiency of ‘swing 
through’ gait on axillary, elbow and Canadian crutches compared to 
normal walking. J Biomed Eng. 1979;1:55–7.

	11.	 Requejo PS, et al. Upper extremity kinetics during Lofstrand crutch-
assisted gait.  Med Eng Physics. 2005;27:19–29.

	12.	 Goh JC, Bose K, Toh SL. Biomechanical study on axillary crutches during 
single-leg swing-through gait. Prosthet Orthot Int. 1986;10:89–95.

	13.	 Stallard J, Sankarankutty M, Rose GK. Lower-limb vertical groundreaction 
forces during crutch walking. J Med Eng Technol. 1978;2:201–2.

	14.	 Stievano S, Roesch F, Prommersberger K-J, Fuhrmann R, Mühldorfer-Fodor 
M. Load analysis of hands and feet while using different types of crutches 
with various leg’s weight bearing.  J Orthopaed Res. 2023;jor.25595.

	15.	 Yoshiko A, et al. Effects of post-fracture non-weight-bearing immobiliza-
tion on muscle atrophy, intramuscular and intermuscular adipose tissues 
in the thigh and calf.  Skelet Radiol. 2018;47:1541–1549.

	16.	 Saltzstein RJ, Hardin S, Hastings J. Osteoporosis in spinal cord injury: using 
an index of mobility and its relationship to bone density. J Am Paraplegia 
Soc. 1992;15:232–4.

	17.	 Campbell EL, et al. Skeletal muscle adaptations to physical inactivity and 
subsequent retraining in young men. Biogerontology. 2013;14:247–59.

	18.	 Kazakia GJ, et al. The influence of disuse on bone microstructure and 
mechanics assessed by HR-pQCT. Bone. 2014;63:132–40.

	19.	 Stallard J, Dounis E, Major RE, Rose GK. One leg swing through gait using 
two crutches: an analysis of the ground reaction forces and gait phases. 
Acta Orthop Scand. 1980;51:71–7.

	20.	 Fischer J, et al. Forearm pressure distribution during ambulation with 
elbow crutches: a cross-sectional study. J NeuroEng Rehabil. 2014;11:1–9.

	21.	 Ginanneschi F, Filippou G, Milani P, Biasella A, Rossi A. Ulnar nerve com-
pression neuropathy at Guyon’s canal caused by crutch walking: case 
report with ultrasonographic nerve imaging. Arch Phys Med Rehabil. 
2009;90:522–4.

	22.	 Venkatanarasimha N, Kamath S, Kambouroglou G, Ostlere SJ. Proximal 
ulna stress fracture and stress reaction of the proximal radius associated 
with the use of crutches: a case report and literature review.  J Orthop 
Traumatol. 2009;10:155–157.

	23.	 Martin KD, Unangst AM, Huh J, Chisholm J. Patient preference and physi-
cal demand for hands-free single crutch vs standard axillary crutches in 
foot and ankle patients. Foot Ankle Int. 2019;40:1203–8.

	24.	 Kim J, Kim Y, Moon J, Kong J, Kim SJ. Biomechanical analysis of the unaf-
fected limb while using a hands-free crutch. J Funct Morphol Kinesiol. 
2023;8:56.

	25.	 Certified Orthopedics I. The ZeroG Brace - Ankle Foot Orthosis (AFO) 
2023.

	26.	 Tyson SF, Kent RM. Effects of an ankle-foot orthosis on balance and walk-
ing after stroke: a systematic review and pooled meta-analysis. Arch Phys 
Med Rehabil. 2013;94:1377–85.

	27.	 Waterval NFJ, Brehm M-A, Harlaar J, Nollet F. Individual stiffness optimiza-
tion of dorsal leaf spring ankle-foot orthoses in people with calf muscle 
weakness is superior to standard bodyweight-based recommendations. J 
Neuroeng Rehabil. 2021;18:97.

	28.	 Totah D, Menon M, Jones-Hershinow C, Barton K, Gates DH. The impact 
of ankle-foot orthosis stiffness on gait: a systematic literature review. Gait 
Posture. 2019;69:101–11.

	29.	 Russell Esposito E, Schmidtbauer KA, Wilken JM. Experimental compari-
sons of passive and powered ankle-foot orthoses in individuals with limb 
reconstruction. J Neuroeng Rehabil. 2018;15:111.

	30.	 Alimerzaloo F, Kashani RV, Saeedi H, Farzi M, Fallahian N. Patellar tendon 
bearing brace: combined effect of heel clearance and ankle status on 
foot plantar pressure. Prosthet Orthot Int. 2014;38:34–8.

	31.	 Shaw JE, et al. The mechanism of plantar unloading in total contact casts: 
implications for design and clinical use. Foot Ankle Int. 1997;18:809–17.

	32.	 Malatesta D, et al. Energy cost of walking and gait instability in healthy 
65- and 80-yr-olds. J Appl Physiol. 2003;95:2248–56.

	33.	 Hochberg Y. Some generalizations of the T-method in simultaneous infer-
ence. J Multivar Anal. 1974;4:224–34.

	34.	 Hackney KJ, Bradley AP, Roehl AS, McGrath R, Smith J. Energy expendi-
ture and substrate utilization with hands-free crutches compared to 
conventional lower-extremity injury mobility devices. Foot Ankle Orthop. 
2022;7:247301142211398.

	35.	 Yao D, et al. Functional, spiroergometric, and subjective comparisons 
between forearm crutches and hands-free single crutches in a crossover 
study. Foot Ankle Orthop. 2023;8:247301142311727.

	36.	 Kirtley C, Whittle M, Jefferson R. Influence of walking speed on gait 
parameters.  J Biomed Eng. 1985;7:282–288.

	37.	 Fukuchi CA, Fukuchi RK, Duarte M. Effects of walking speed on gait bio-
mechanics in healthy participants: a systematic review and meta-analysis. 
Syst Rev. 2019;8:153.

	38.	 Arnold EM, Hamner SR, Seth A, Millard M, Delp SL. How muscle fiber 
lengths and velocities affect muscle force generation as humans walk 
and run at different speeds. J Exp Biol. 2013;216:2150–60.

	39.	 Saunders JB, Inman VT, Eberhart HD. The major determinants in normal 
and pathological gait. J Bone Jt Surg Am. 1953;35:543–58.

	40.	 Thys H, Willems PA, Saels P. Energy cost, mechanical work and muscu-
lar efficiency in swing-through gait with elbow crutches. J Biomech. 
1996;29:1473–82.

	41.	 Ortega JD, Farley CT. Minimizing center of mass vertical movement 
increases metabolic cost in walking.  J Appl Physiol. 2005;99:2099-2107.

	42.	 Bertrand K, Raymond MH, Miller WC, Martin Ginis KA, Demers L. Walking 
aids for enabling activity and participation: a systematic review. Am J 
Phys Med Rehabil. 2017;96:894.

	43.	 Baldock M, et al. Adjustable prosthetic sockets: a systematic review of 
industrial and research design characteristics and their justifications. J 
Neuroeng Rehabil. 2023;20:147.

	44.	 Tanaka H, Nagata K, Goto T, Hoshiko H, Inoue A, The effect of the patellar 
tendon-bearing cast on loading. J Bone Jt Surg Br Vol. 2000;82-B:228–232.

	45.	 Racaru S, Bolton Saghdaoui L, Roy Choudhury J, Wells M, Davies AH. 
Offloading treatment in people with diabetic foot disease: a systematic 
scoping review on adherence to foot offloading. Diabetes Metab Syndr 
Clin Res Rev. 2022;16:102493.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Walking with unilateral ankle-foot unloading: a comparative biomechanical analysis of three assistive devices
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Devices
	Study population
	Experimental protocol
	Data processing
	Statistical analysis

	Results
	Spatiotemporal, metabolic, and subjective parameters
	Joint kinematics
	Center of mass
	Ground reaction forces
	Pressure and pain feedback

	Discussion
	Spatiotemporal, metabolic, and subjective parameters
	Joint kinematics
	Center of mass
	Ground reaction forces
	Summary and participant feedback
	Limitations
	Impact

	Conclusion
	Acknowledgements
	References


