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Abstract

People fall more often when their gait stability is reduced. Gait stability can be directly

manipulated by exerting forces or moments onto a person, ranging from simple walking

sticks to complex wearable robotics. A systematic review of the literature was performed to

determine: What is the level of evidence for different types of mechanical manipulations on

improving gait stability? The study was registered at PROSPERO (CRD42020180631).

Databases Embase, Medline All, Web of Science Core Collection, Cochrane Central Regis-

ter of Controlled Trials, and Google Scholar were searched. The final search was conducted

on the 1st of December, 2022. The included studies contained mechanical devices that

influence gait stability for both impaired and non-impaired subjects. Studies performed with

prosthetic devices, passive orthoses, and analysing post-training effects were excluded. An

adapted NIH quality assessment tool was used to assess the study quality and risk of bias.

Studies were grouped based on the type of device, point of application, and direction of

forces and moments. For each device type, a best-evidence synthesis was performed to

quantify the level of evidence based on the type of validity of the reported outcome mea-

sures and the study quality assessment score. Impaired and non-impaired study partici-

pants were considered separately. From a total of 4701 papers, 53 were included in our

analysis. For impaired subjects, indicative evidence was found for medio-lateral pelvis stabi-

lisation for improving gait stability, while limited evidence was found for hip joint assistance

and canes. For non-impaired subjects, moderate evidence was found for medio-lateral pel-

vis stabilisation and limited evidence for body weight support. For all other device types,

either indicative or insufficient evidence was found for improving gait stability. Our findings

also highlight the lack of consensus on outcome measures amongst studies of devices

focused on manipulating gait.

Introduction

Falling is a major cause of morbidity and mortality in our society [1]. Falls often occur during

gait [2], possibly caused by poor balance [3]. A decline in balance during gait, with increased
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gait variability and an associated increased risk of falls, correlates with aging [4] and with the

presence of vestibular, cerebellar, functional, or other neurological diseases [5]. When stand-

ing, balance can, for example, be defined as an individual’s ability to maintain their center of

mass (CoM) within a base of support (BoS) [3, 5–7] or as “the continuous and adequate adap-

tation of body posture to avoid falling” [8]. When walking, it is suggested that the vertical pro-

jection of the CoM plus its velocity times a factor should be within the BoS [7]. When

describing balance during walking, i.e. gait, ‘gait stability’ is an important indicator [5].

Gait stability is a broad concept that can generally be defined as the ability to keep walking

regardless of disturbances or the presence of control errors [9, 10]. A multitude of definitions

for the stability of bipedal gait exist. Some frequently used ones are summarized in Bioinspired

Legged Locomotion, Chapter 4.1 [11]. Kuo and Donelan (2010) distinguish local stability, i.e.

step-to-step stability concerned with small deviations from nominal gait, and global stability,

i.e. a person’s susceptibility to falling [12]. Although the global definition has more clinical rel-

evance, it is proposed that local stability is a useful indicator of walking balance [3, 5, 12].

Gait stability can be assessed with a wide variety of measures, each with its own level and

type of validity [3, 13, 14]. For example, kinematic variability measures show convergent valid-

ity in experimental studies, which reflects an experimentally induced change in stability [3].

For the more clinical spatio-temporal measures, convergent validity is often not reported, but

predictive validity in observational studies does exist [13], which describes the correlation

between the measure and probability of falling. Lab-based stability measures, such as Lyapu-

nov exponents, usually require kinematic and/or kinetic data obtained during walking, with

post-processing, for their calculation [13, 15]. Clinical measures are often based on discrete

score assignments or simple units of measure [13]. Consequently, they provide an indirect

evaluation of balance and gait stability. For the purpose of keeping this review and search

more inclusive, both lab-based and clinical measures of gait stability are considered.

Modulating gait stability can either be done directly, by (mechanical) manipulation [16], or

indirectly, through training [17]. Mechanical manipulation is here defined as the transmission

of forces, or moments, onto a body part, intending to influence human body kinematics.

These include external forces and moments applied with respect to an external reference

frame (e.g., the floor or wall) or internal forces and moments applied to parts of the body by

means of a (wearable) power source (e.g., an actuator).

The complexity of gait stability manipulation and assessment and the desire to improve

rehabilitation has encouraged the development of robotic tools [8] that can either improve or

disrupt balance to train balance [18, 19]. However, which body part must be manipulated for

maximum effect remains a challenge and depends on the user’s limitations. While understand-

ing of mechanisms underlying gait stability is improving [13, 20, 21], limited evidence exists

on how various assistive devices perform in terms of gait stability.

When looking at balance, it has been reported that even small, haptic, or vibrotactile, forces

can improve balance performance when the point of application is chosen correctly, such as

on the hand [22] or on the hip [23]. It has also been shown that the point of application of a

force on the upper body greatly influences gait velocity [24]. Similarly, the sensitivity of

human gait stability to external forces or moments might vary between their points of applica-

tion on the body. When developing novel devices, such as cold-gas thrusters, which can gener-

ate a linear force impulse [25], choosing the optimal point of application and impulse

direction might be pivotal.

Various reviews exist on the definitions of gait stability [3, 13, 14] and on how devices are

used to assess balance [8, 26]. To our knowledge, no overview exists on how actuated devices

influence human gait stability and where and how they apply forces and moments on the

body.
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The primary aim of the study is to answer the following question: What is the level of evi-

dence for different types of mechanical manipulations on improving gait stability? For this, we

divided device type based on the point of application of forces and moments and their direc-

tions. The secondary aim is to create an overview of devices that directly impact gait stability

and their manipulation characteristics, such as point of application of forces, force direction,

control strategy, and peak force magnitude.

Furthermore, we categorise the reported outcome measures and their types of validity. Due

to the heterogeneity of the reported outcome measures, this review will employ a best-evidence

synthesis (BES) in order to objectify findings and compare amongst studies [27].

Methods

Study protocol and search strategy

The study protocol of this systematic review is registered on PROSPERO (CRD42020180631).

The search strategy was developed according to the method described by Bramer et al. (2017)

[28] and executed in collaboration with an information specialist from the Erasmus MC Medi-

cal Library, Rotterdam. In total, five databases were searched: Embase (Embase.com), Medline

All (Ovid), Web of Science Core Collection (Web of Knowledge), Cochrane Central Register

of Controlled Trials (Wiley), and Google Scholar. The databases were searched from inception

to the 1st of December, 2022. The PRISMA guidelines were used for screening and reporting

[29].

In summary, the search strategy was constructed by joining the following—synonyms and

antonyms of—three concepts by AND; 1) gait/balance stability/symmetry; 2) (bio-)mechani-

cal/kinematic manipulation; 3) devices/aids/robots. In Embase and Medline the index terms

‘gait’ and ‘walking’ were used to better define the scope. For redundancy, specific outcome

measures keywords, such as ‘Lyapunov’, were joined to concept 3) with OR. The full search

strategy for all databases can be found in the S1 Appendix.

Two authors (B.S. and S.J.) independently screened titles and abstracts of all identified stud-

ies and subsequently reviewed a selection of full texts based on the in- and exclusion criteria

described in the next section. Any disagreements were arbitrated by P.B. and M.H.

Inclusion and exclusion criteria

To be included, studies had to: 1- contain any form of (mechanical) manipulation of gait sta-

bility in non-impaired subjects or in individuals with a locomotor problem due to a neurologi-

cal or orthopedic condition, 2- have a pre-post intervention study design, 3- be written in

English, and 4- be performed on humans. All peer-reviewed published studies were included,

with no limit on the year of publication.

Studies were excluded if they: 1- contained a training phase between baseline and outcome

measurements, 2- were performed in water, 3- investigated prosthetic devices, passive orthoses

(kinetic tapes, elastic bands, rigid links locking joints, insoles), surgical procedures, functional

electrical stimulation, visual feedback, vestibular sensory manipulation, vibrational feedback,

exoskeletons with a fully-enforced multi-limb kinematic trajectory, 4- were performed in chil-

dren aged less than 16, or 5- contained five or less participants (pilots and case reports), and 6-

studies with perturbations were excluded unless the perturbation was applied to increase the

challenge for the subject, while the main aim of the study was investigating a stabilising force

or intervention. As literature that primarily addresses our research question is sparse, papers

that look at gait stability in passing were included, as long as they enabled drawing conclusions

on our research question.
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In our initial PROSPERO registration, dead mass and elastic bands were also included.

These were later dropped to focus the study on devices that provide external forces and

moments or internal forces generated by a wearable actuator.

Data collection

For the included studies, data was collected by one of the researchers and reviewed by the

other researcher. The following information was collected: 1- intervention and device type, 2-

point of application of forces on the body, 3- force characteristics (i.e. main force direction,

control strategy, and peak force magnitude), 4- population description (i.e. sample size,

impairment, age mean and standard deviation), 5- intervention protocol, 6- reported outcome

measures, and 7- main findings of the study).

Data analysis

Articles were grouped based on the point of application of forces and moments, and their

directions. The evidence for impaired and non-impaired subjects was analysed separately.

Instead of the meta-analysis mentioned in the preregistered protocol, a best-evidence synthesis

(BES) was performed to allow comparison across heterogeneity outcome measures. The BES

was based on; 1- the type of validity of the reported outcome measures and 2- the study’s qual-

ity and risk of bias score. Details of both criteria are described below. If a paper described mul-

tiple patient populations or multiple interventions, these were considered as separate studies if

data presentation allowed separate interpretation. If not, the study was excluded. If a paper

described multiple settings of one intervention type only the setting that showed the largest

impact on gait stability was used.

Outcome measure validity. Multiple reviews describe the various types of validity out-

come measures [3, 13, 14, 30]. For the current review we used the categorisation and annotated

type of validity as mentioned by Bruijn et al. (2013) [3], updated with recent literature [4, 15,

20, 31–40]. The system distinguishes four types of validity; 1) Construct validity—Whether the

existence of a relationship between a measure and the probability of falling is plausible [3]. 2)

Predictive validity in models—Whether the measure predicts a probability of falling in a simple

model of human gait [41]. 3) Convergent validity in experimental studies—Whether the mea-

sure reflects an experimentally induced change in stability [42]. 4) Predictive validity in obser-
vational studies—Whether there is a correlation between the measure and the incidence—or

probability—of falling in observational studies [43].

The categorisation and evidence for the various validity types can be found in Table 1. For

the purpose of this study, we selected outcome measures for our analysis if at least predictive

validity in observational studies was found. In the preregistration, we mentioned a broad

range of outcome measures, e.g. maximum Lyapunov exponent, maximum Floquet multiplier,

variability measures, long-range correlations, etc.. Upon occurrence in the included articles

more measures were added to the inventory in Table 1. Outcome measures that were not men-

tioned in the included articles are not described in this overview.

Quality and risk of bias score. In order to assess each study’s quality and risk of bias,

we adopted the “Quality Assessment Tool for Before-After (Pre-Post) Studies With No

Control Group” published by the National Institutes of Health (NIH) [53]. Two authors (B.

S. and S.J.) scored each article independently, and after discussion, a final study score was

awarded. Any conflicts were resolved by P.B. and M.H.. Some questions were deemed more

important to the goal of our study, therefore their score weights were increased, specifically

questions: 3 (intended user group), 5 (sample size), 10 (statistical analysis), and 11 (multiple

base-line measurements). Questions 4 (participant enrollment) and 8 (blinding) were
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deemed Non-Applicable (NA) as these questions are irrelevant for our comparison. Our

final questionnaire is provided in the S1 Table. Quality scores of 11 or higher were classified

as ‘excellent’ quality, 8 to 10 were classified as ‘sufficient,’ and 7 or lower were ‘poor’

quality.

Best-evidence synthesis. Based on a BES, the studies are categorised into five levels of evi-

dence, ranging from Strong to Insufficient. The categorisation is based on the quality score

and outcome measures’ type of validity. The full description is provided in Table 2. As the cur-

rent study focuses on the direct effect of manipulations on gait stability during experiments,

convergent validity was deemed most relevant. For the purpose of counting conflicting evi-

dence, studies reporting a positive impact on gait stability were awarded a +1, studies reporting

a negative impact received a -1, and those without conclusive findings received a zero. The net

sum of these points determined the level of evidence in Table 2. For example, when four stud-

ies report an improvement in gait stability (+4) through measures with convergent validity,

and one study reported a reduction in gait stability (-1) with similar outcome measure validity,

the overall BES conclusion for the device based on these studies (+3) would be deemed

‘Strong’.

Table 1. Types of validity for outcome measures of gait stability. The references are provided for construct validity, predictive validity inmodels, convergent validity, and

predictive validity in observational studies. F denotes evidence for falsification of support for a certain type of validity,—denotes no support or falsification of support for a

certain type of validity was found.

Category Measures Types of validity

Construct Models Convergent Observational

Lyapunov exponents λ [3, 44] [3] [3, 15, 45] [3, 15]

Kinematic variability σSW, ststride , etc. [31] [3] [3, 13] [3, 14]

Angular momentum Hr [13, 46] [46–48] [13, 32] [13, 33]

Orbital stability FM [3, 34] [3] F [3, 35] [3, 36]

Extrapolated CoM XCoM, MoS [3, 49] [3, 49] F [3, 32, 37, 38] [13, 20]

Velocity WS - - F [30, 50] [14, 30]

Symmetry tstance4, DST4 - - F [30] [30, 39, 40]

Kinematics SW, SL, lstride - - F [3, 51] [3, 4, 14]

Temporal tstep, tstride, etc. - - - [52]

Ratio tstance-ratio, etc. - - - -

Correlations SW v. Pelvis ROM, etc. - - - -

https://doi.org/10.1371/journal.pone.0305564.t001

Table 2. Best-evidence synthesis (BES) ranking definition. The outcome of the BES can range from strong to insuffi-

cient evidence.

Strong Provided by statistically significant findings in� 3 papers with quality score� 11 and measures with

at least convergent validity

Moderate Provided by statistically significant findings in 2 paper with quality score� 11 and measures with at

least convergent validity

Limited Provided by statistically significant findings in 1 papers with quality score� 8 and measures with

construct and observational validity AND 2 papers with quality score� 8 and measures with at least

observational validity

Indicative Provided by statistically significant findings in 1 papers with quality score� 8 and measures with

construct and observational validity OR 2 papers with quality score� 8 and measures with at least

observational validity

Insufficient In the case that none of the above-mentioned criteria are met OR In the case of conflicting results

among studies OR In the case of no eligible studies

https://doi.org/10.1371/journal.pone.0305564.t002
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Results

Search results and identification of studies

All searches combined resulted in 4701 articles for screening. Title and abstract screening of all

articles resulted in 171 articles for full-text screening. Assessment for eligibility led to the inclu-

sion of 53 papers for analysis, see Fig 1 for more details.

Preregistration of protocols and outcome measures was present in three studies [54–56].

Original data was made publicly available in seven studies [16, 54, 56–60], whereas seven stud-

ies mentioned data to be readily available upon request [61–67].

Fig 1. PRISMA flowchart showing the literature screening process.

https://doi.org/10.1371/journal.pone.0305564.g001
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Categorisation

Overall 17 papers focused solely on impaired subjects, 28 papers focused on non-impaired

subjects, and seven papers looked at both. One study added an artificial impairment to non-

impaired participants by limiting movement of the leg [68]. A total of 81 interventions, taken

from 53 articles, were included in the BES. A full description of all studies and the device char-

acteristics can be found in Table 3.

Studies were divided into four groups; Trunk (n = 8), Pelvis (n = 19), Upper Extremity
(n = 11), and Lower Extremity (n = 16), where Goncalves et al. [69] is counted towards both

the Trunk and the Pelvis group for their two device types.

For the BES we identified 27 different subgroups based on population and type of interven-

tion. A full description of each subgroup can be found in Table 4. A visual representation of

the evidence levels concluded during the BES can be found in Fig 2. The outcomes of the qual-

ity and risk of bias assessment can be found in the S2 Table.

Outcome measures

Across the 53 articles, we found more than 100 unique outcome measures, which were catego-

rised into eleven categories based on their functional definitions, see Table 1. Due to this large

number of measures, we denoted the outcome measure in Table 4 as denoted by the authors

without providing separate definitions.

The six most commonly reported outcome measures were step width (SW) (n = 22), step

length (SL) (n = 14), step width variability step width variability (σSW) (n = 14), walking speed

(n = 13), ML margin of stability (n = 11), and step length variability (σSL) (n = 7). Of these only

σSW and σSL are reported to have convergent validity. Lyapunov exponent (λ) was reported in

ten papers but was calculated over 15 unique parameters (e.g. knee angle, trunk velocity, CoM

pos). Whole-body centroidal angular momentum (Hr) was reported only once (n = 1).

Due to the heterogeneity of the data and reported outcome measures, a meta-analysis was

not possible.

Only within each large body-part category there was some consistency of reported outcome

measures. Some examples: within the Pelvis group, σSW was measured 9 times, i.e. in 47% of

the Pelvis studies. In all groups combined σSW was measured 14 times (26%). Similarly, WS

was reported 9 times (82%) in the Upper Extremity group, compared to 13 times (25%) in all

groups combined.

Best-evidence synthesis

Fig 2 shows the overview of the level of evidence that was found for each intervention type, by

visualising the various interventions, as depicted by their main force directions and device

schematics. The intervention type codes (T1, P3, U2, etc.) are related to the matching codes in

Table 4.

Trunk. From the included papers, eight involved trunk manipulation, describing five

interventions. In non-impaired subjects, the most frequently used intervention was conven-

tional body weight support (T1), which showed limited evidence for the improvement of gait

stability [59, 61, 69–71]. Indicative evidence was provided in a single study applying both body

weight support (BWS) and medio-lateral (ML) damping (T2) [61]. Two studies provided

indicative evidence for improving gait stability by applying torques to the trunk (T3) [57, 72].

For impaired subjects, insufficient evidence was found on all intervention types.

Pelvis. 19 papers involved force application on pelvis manipulation, describing five

device types. The most frequently investigated device type contains ML forces applied to the

pelvis (P1), for which moderate and indicative evidence was found, respectively, for non-
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Table 3. Descriptions of study and device characteristics. VT = Vertical, AP = anterior-posterior, ML = medio-lateral, NR = not reported, ABI = acquired brain injury,

SCI = spinal cord injury, BWS = body weight support, GRF = ground reaction forces, PD = Parkinson’s disease, HD = Huntington’s disease, NR = not reported,

BW = body weight.

Index Point of

application

Device description Controller Force characteristics

Primary direction
Magnitude Impairment Population

Age (SD) N

Zoffili et al.

[92]

Hands Walking pole (for hiking) Self-induced GRF VT NR Healthy 30.9 (8.2) 21

Zhang et al.

[83]

Hands Conventional rolling walker Self-induced GRF VT NR PD 66 (median) 6

Self-navigating motorized

walker.

Self-induced GRF

+ autonomous

forward pull

VT + AP NR PD 66 (median) 6

Wan et al.

[86]

Hands Motorized walker Self-induced GRF

+ autonomous

forward pull

VT + AP NR Healthy 28.57 (3.3) 11

Rollator Self-induced GRF VT NR Healthy 28.57 (3.3) 11

Sonntag et al.

[88]

Hands Forearm crutch Self-induced GRF VT NR Hip Arthroplasty 68.4 (NR) 19

Sorrento

et al. [64]

Hands Instrumented cane Self-induced GRF VT NR A1. Stroke (high

functioning)

70.9 (2.9) 7

Instrumented cane Self-induced GRF VT NR A2. Stroke (low

functioning)

70.4 (3.2) 7

Instrumented cane Self-induced GRF VT NR B1. Healthy 71.8 (2.7) 14

Robot-generated haptic leash

forces

Autonomous forward

pull

AP 15N A1. Stroke (high

functioning)

70.9 (2.9) 7

Robot-generated haptic leash

forces

Autonomous forward

pull

AP 15N A2. Stroke (low

functioning)

70.4 (3.2) 7

Robot-generated haptic leash

forces

Autonomous forward

pull

AP 15N B1. Healthy 71.8 (2.7) 14

Seiferheld

et al. [85]

Hands Conventional rolling walker Self-induced GRF VT NR Healthy 24.5 (3.1) 18

Walker with movable vertical

handlebars (Crosswalker,

Human Walking ApS)

Self-induced GRF VT NR Healthy 24.5 (3.1) 18

Polese et al.

[89]

Hands Walking sticks (canes or

crutches)

Self-induced GRF VT NR Stroke Chronic 56.5 (7.4) 19

Maguire et al.

[90]

Hands Cane Self-induced GRF VT NR Stroke Sub-acute 64 (14) 13

Kloos et al.

[84]

Hands Cane Self-induced GRF VT NR HD 49.3 (11) 21

Conventional non-rolling

walker

Self-induced GRF VT NR HD 49.3 (11) 21

Two-wheeled walker Self-induced GRF VT NR HD 49.3 (11) 21

Three-wheeled walker Self-induced GRF VT NR HD 49.3 (11) 21

Four-wheeled walker Self-induced GRF VT NR HD 49.3 (11) 21

Jayakaran

et al. [91]

Hands Cane for balance and support Self-induced GRF VT NR Healthy 44.74 (10) 27

Ijmker et al.

[87]

Hands Cane Self-induced GRF VT NR A1. Stroke

(dependent)

57.1 (13) 12

Cane Self-induced GRF VT NR A2. Stroke

(independent)

46.9 (17.3) 12

Handrail Self-induced support

force

VT NR A1. Stroke

(dependent)

57.1 (13) 12

Handrail Self-induced support

force

VT NR A2. Stroke

(independent)

46.9 (17.3) 12
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Table 3. (Continued)

Index Point of

application

Device description Controller Force characteristics

Primary direction
Magnitude Impairment Population

Age (SD) N

Bannwart

et al. [61]

Trunk 3D BWS (FLOAT, Reha-Stim

Medtec AG)

Autonomous VT 30% BW Healthy 26.8 (3.5) 21

3D BWS (FLOAT, Reha-Stim

Medtec AG)

Autonomous VT + ML 30% BW + 120

Ns/m ML

damping

Healthy 26.8 (3.5) 21

Best et al.

[72]

Trunk Inverted pendulum with dead

mass oscillation IN and OUT

of phase in a backpack

Passive spring ML NR Healthy 21.8 (1) 12

Clark et al.

[99]

Trunk 2D BWS (LiteGait) Passive spring VT 30% BW ABI 38.7 (15.3) 17

Trunk 2D BWS (LiteGait) plus

handrail

Passive spring + Self-

induced support

force

VT 30% BW + NR ABI 38.7 (15.3) 17

Dragunas

et al. [70]

Trunk Motorized 2D BWS (Aretech,

Ashburn, AV)

Autonomous VT + ML 20–60% BW Healthy 26 (4) 8

Goncalves

et al. [69]

Trunk BWS Passive linear spring VT 30% BWS Healthy 22.25 (3.02) 8

Ignasiak et al.

[59]

Trunk BWS Not reported VT 20–40% BW Healthy 27 (4.2) 20

Lemus et al.

[57]

Trunk Control moment gyroscopes

in backpack (GyBAR)

Virtual rotational

damper and spring-

damper

AP 100 Nm/rad, 30

Nms/rad

Healthy 35 (NR) 10

Pillar et al.

[71]

Trunk BWS Passive spring-

damper

VT 20% BW Healthy 25–50 (NR) 6

BWS Passive spring-

damper

VT 20% BW Hemiplegia 40–84 (NR) 18

Qian et al.

[68]

Pelvis and

Thigh

Hip exoskeleton Autonomous ML axis 19.8 Nm Artificial

impairment

23.4 (2.6) 7

Livolsi et al.

[66]

Pelvis and

Thigh

Active Pelvis Orthosis (APO) Autonomous ML axis 22 Nm max Stroke-knee HE 49 (10.6) 6

Livolsi et al.

[66]

Pelvis and

Thigh

Active Pelvis Orthosis (APO) Autonomous ML axis 23 Nm max Stroke 53.38 (11.5) 8

Lee et al. [54] Pelvis and

thigh

Hip-exoskeleton applying

joint torque to hip (GEMS,

Samsung)

Autonomous ML axis 3.13–9.70 Nm Elderly 74.1 (4.18) 30

Monaco et al.

[63]

Pelvis and

thigh

Hip-exoskeleton applying

joint torque to hip (Custom,

APO)

Autonomous ML axis Max 14 Nm Elderly 68.9 (5.1) 8

Park et al.

[96]

Pelvis and

thigh

Hip-exoskeleton applying

joint torque to hip (backX

AC, US Bionics Inc., Berkeley,

CA)

Autonomous ML axis NR Healthy M = 24.8

(4.2),

F = 24.1(1.9)

20

Hsu et al.

[55]

Shank and

Foot

Ankle Foot Orthosis with

dynamic control (Custom,

IT-AFO) applying joint

torque

Passive spring-

damper

ML axis 0.625 kgf + 1

Ns/m

Stroke 51.14 (18.5) 7

Norris et al.

[98]

Shank and

Foot

Powered AFO applying ankle

torque

Autonomous ML axis Max 160 N Healthy 23.3 (1.6) 9

Heitkamp

et al. [100]

Shank Lateral force field applied to

the shank

Simulated linear

spring

ML 180 N/m Healthy 24 (2) 12

Nyberg et al.

[101]

Shank Medial and Lateral force field

applied to the shank

Simulated force-field ML 1150–3500 N/m Healthy 24 (3) 11

Reimold et al.

[102]

Shank Lateral force field applied to

the shank

Simulated force-field ML Effective ML

stiffness 180 N/

m

Stroke 60 (17) 10

(Continued)

PLOS ONE Direct biomechanical manipulation of human gait stability: A systematic review

PLOS ONE | https://doi.org/10.1371/journal.pone.0305564 July 11, 2024 9 / 26

https://doi.org/10.1371/journal.pone.0305564


Table 3. (Continued)

Index Point of

application

Device description Controller Force characteristics

Primary direction
Magnitude Impairment Population

Age (SD) N

Yen et al.

[103]

Shank AP forward force applied to

the shank

Autonomous AP 21.1 (5.0) N Stroke 61.5 (6) 9

Bacek et al.

[95]

Thigh and

shank

Unilateral knee assistive

device

Autonomous ML axis 0.05 Nm/kg BW Healthy 32 (7) 7

Haufe et al.

[94]

Thigh and

shank

Knee assistive device Autonomous ML axis 212 N Healthy 27(NR) 8

Chinimilli

et al. [93]

Thigh and

shank

Knee assistive device applying

supportive joint torque

Autonomous ML axis 11.26 Nm Healthy 24.3 (2.9) 11

Choi et al.

[67]

Shank and

foot

Powered AFO (pneumatic) Autonomous AP, ML axes NR Healthy 30 (4) 7

Galle et al.

[97]

Shank and

foot

Powered AFO Autonomous ML axis 0.11(±0.2) W/

kg per leg

Elderly 69.3 (3.5) 7

Vashista et al.

[104]

Pelvis Tethered pelvis assist device Passive spring AP, ML, VT 4.04 kN/m Healthy 27 (2.33) 8

Bruijn et al.

[58]

Pelvis Medio-lateral pelvis forces Passive spring-

damper

ML *2000 N/m Healthy 31.4 (6.6) 10

van Leeuwen

et al. [79]

Pelvis Medio-lateral pelvis forces Passive spring ML 1260 N/m Healthy NR (NR) 20

Dean et al.

[73]

Pelvis Medio-lateral pelvis forces Passive spring-

damper

ML 1200 N/m, 20

Ns/m

Healthy 25.4 (3.6) 8

Medio-lateral pelvis forces Passive spring-

damper

ML 1200 N/m, 20

N.s/m

Elderly 73.4 (4.2) 10

Donelan

et al. [74]

Pelvis Medio-lateral pelvis forces Passive spring-

damper

ML 1700 N/m, 14

Ns/m

Healthy NR (NR) 10

Dragunas

et al. [80]

Pelvis Medio-lateral force applied to

pelvis by series-elastic

actuator (Agility Trainer)

Simulated damper ML 50 Ns/m Stroke 59 (7) 9

Medio-lateral force applied to

pelvis by series-elastic

actuator (Agility Trainer)

Simulated damper ML 50 Ns/m Healthy 61 (6) 9

Frame et al.

[75]

Pelvis Medio-lateral pelvis forces Simulated spring ML 1260 N/m Stroke 50 (16) 13

Medio-lateral pelvis forces Simulated spring ML 1260 N/m Healthy 49 (16) 18

Goncalves

et al. [69]

Pelvis BWS applied to the pelvis by

bicycle seat

Passive linear spring VT (AP, ML

restricted)

30% BW Healthy 22.25 (3.02) 8

Graham et al.

[105]

Pelvis BWS (KineAssist) Autonomous Pelvis sway, roll, yaw

locked

80% BW, pelvis

NR

Healthy 26.8 (4.9) 20

Pelvis and

Trunk

BWS (KineAssist) + Trunk

frame

Autonomous Pelvis and trunk

sway, roll, yaw

locked.

80% BW, pelvis

NR

Healthy 26.8 (4.9) 20

Ijmker et al.

[76]

Pelvis Medio-lateral pelvis forces Passive spring-

damper

ML 760–1820 N/m,

15.9–32 Ns/m

Healthy 20 (1.2) 14

Koopman

et al. [77]

Pelvis Medio-lateral pelvis forces Virtual spring ML 0–4500 N/m Healthy 28.8 (3.9) 6

LinJ et al.

[82]

Pelvis Medio-lateral pelvis forces Autonomous ML max 8 to 12%

BW

iSCI 51.5 (12.7) 16

LinJ et al.

[62]

Pelvis Medio-lateral pelvis forces Autonomous

(Abrupt, gradual,

varied forces)

ML max 8 to 12%

BW

iSCI 48.2 (12.28) 12

Mahaki et al.

[56]

Pelvis Medio-lateral pelvis forces Passive spring ML 1260 N/m Healthy 27.7 (4.78) 10
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impaired [16, 56, 58, 60, 65, 73–80] and impaired [60, 62, 73, 75, 78, 80–82] subjects. Other

studies described BWS forces to the pelvis (P2), pelvis restriction devices (P3 and P4), and

the effect of handrail combined with pelvis stabilisation (P5), providing insufficient

evidence.

Upper extremity. Twelve papers involved force application on the upper extremity

(hands/arms), describing four device types. Devices included the use of canes and walking

sticks, walkers, handrails, and a leash. For walkers (U2), moderate and indicative evidence for

reducing gait stability was found, respectively, for impaired subjects [83, 84] and non-impaired

subjects [85, 86]. We found limited evidence for the improvement of gait stability with the use

of walking-sticks and poles in impaired subjects (U1) [64, 84, 87–90]. In contrast, for non-

impaired subjects indicative evidence for improving gait stability was found [64, 91, 92]. Other

studies provided insufficient evidence.

Lower extremity. From the included articles, 16 involved force and/or torque application

on the lower extremity, describing 6 device types, including external forces applied to the

shank and powered hip-, knee- and ankle orthoses. Indicative evidence on improving gait sta-

bility was found for applying a knee-joint torque (L1) to non-impaired subjects [93–95]. Hip

flexion assistance (L2) produced indicative and limited evidence respectively for non-impaired

[96] and impaired subjects [54, 63, 66, 68]. The use of a powered ankle foot orthosis (AFO)

(L6) shows contradictory findings for both impaired [55, 97] and non-impaired subjects [67,

98]. Other intervention types provided insufficient evidence.

Table 3. (Continued)

Index Point of

application

Device description Controller Force characteristics

Primary direction
Magnitude Impairment Population

Age (SD) N

Mahaki et al.

[16]

Pelvis Medio-lateral pelvic forces—

free or restricted in

transversal and/or frontal

plane

Passive spring ML 1260 N/m Healthy 27.5 (2.4) 11

Matsubara

et al. [81]

Pelvis Medio-lateral pelvis forces Passive spring-

damper

ML 1027 N/m, 2.3

Ns/m

iSCI 56.2 (9.6) 9

Ochs et al.

[60]

Pelvis Medio-lateral pelvis forces

generated by series-elastic

actuator (Agility Trainer)

Simulated damper ML 40 Ns/m, max

80 N

iSCI 49.5 (15.5) 11

Medio-lateral pelvis forces

generated by series-elastic

actuator (Agility Trainer)

Simulated damper ML 40 Ns/m, max

80 N

Healthy 47.3 (16.1) 12

Wu et al. [78] Pelvis Medio-lateral pelvis forces

generated by series-elastic

actuator (Agility Trainer)

Simulated damper ML 427 ± 78 Ns/m Healthy 24 (4) 10

Medio-lateral force applied to

hip generated by series-elastic

actuator (Agility Trainer)

Simulated damper ML 427 ± 78 Ns/m iSCI 58 (8) 7

Walker et al.

[65]

Pelvis Lateral force applied to pelvis/

trunk by series elastic actuator

(Custom)

Autonomous ML 2.5–5% BW,

max 100 N

Healthy NR (NR) 10

Pelvis and

Hand

Lateral force applied to pelvis/

trunk and handrail

Autonomous + self-

induced support

force

ML 2.5–5% BW,

max 100 N

Healthy NR (NR) 10

https://doi.org/10.1371/journal.pone.0305564.t003
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Table 4. Best-evidence synthesis (BES) conclusions table. For each device and intervention type, the overall BES is presented and followed by a description of the findings

of the articles that were considered within that group. The change of the outcome measure as a result of using the device is denoted as; #—decrease, "—increase,*—negli-

gible, *—significant, NR—not reported.

Device and intervention BES Conclusion Ref. Main findings Quality &

Bias

Outcomes Weight

P1: Medio-lateral forces applied to the

pelvis, typically a physical or

simulated spring, damper, or a

combination thereof.

Moderate evidence for

improving gait stability in

non-impaired subjects

[58] Convergent: Local dynamic stability

significantly improved.

9 SW#*, λ of ML trunk velocity#*, tstride*, ML

trunk RoM #*
+1

[73] Observational: Step width reduced

significantly.

11 SW#*, σSW#, SL*, σSL" +1

[74] Convergent: Step width variability

reduced significantly.

10 SW#*, σSW#*, SL*, σSL#, dCoM,ML#* +1

[80] No significant finding reported. 13 SW*, σSW*, CoM state and foot placement

correlation (R2)*

0

[75] Observational: Step width and

ML-CoM sway significantly reduced.

11 SW#*, σSW*, pelvis ML sway#*, trunk ML

sway#*, var σML foot placement#*, ML foot

placement ratio"*, Hr"*

+1

[76] Convergent: Step width variability

reduced significantly.

12 SW#*, σSW#*, lstride*, σ of lstride*,σ of AP trunk

acceleration*, σ of ML trunk acceleration#*
+1

[56] Convergent: Step width variability

reduced significantly.

11 SW#*, σSW#*, foot placement trunk

correlation#*
+1

[16] Observational: Step width and step

length reduced significantly. Pelvis

rotations and displacements in all

directions also reduced significantly.

11 SW#*, SL#*, θ of VT pelvis axis#*, θ of AP pelvis

axis#, θ of VT trunk axis #*, pelvis ML

displacement#*, pelvis AP displacement#*,
pelvis VT displacement#*, arm swing#*

+1

[60] Construct and Observational: MoS-

min reduce significantly.

11 minimal ML MoS#*, SW*, dCoM,ML#, ML CoM

velocity#

-1

[77] Convergent: Step width variability

reduced.

6 SW#, σSW #, ML MoS", pelvis ML sway#, σ of

ML pelvis sway#

+1

[65] Observational: Step width, cadence,

and CoM sway reduced significantly.

10 SW#*, Cadence #*, ML CoM sway#* +1

[78] Observational: Step width and CoM

speed reduced significantly.

11 SW#*, σSW*, ML MoS", tstep#, vCoM,ML#*, σ of

ML CoM velocity#

+1

[79] Convergent: Lyapunov exponent

significantly reduced.

10 λ 3D CoM#*, SW#* +1

P1: Medio-lateral forces applied to the

pelvis, typically a physical or

simulated spring, damper, or a

combination thereof.

Indicative evidence for

improving gait stability in

impaired subjects, multiple

conflicting reports.

[73] Observational: Step width reduced

significantly.

11 SW#*, σSW#, SL*, σSL# +1

[80] No significant findings reported. 13 SW*, σSW*, CoM state and foot placement

correlation (R2)*

0

[75] Observational: Step width and

ML-CoM sway significantly reduced.

They excluded any non-responders

from the analysis.

11 SW#*, σSW*, pelvis ML sway#*, trunk ML

sway*, σML foot placement#*, ML foot

placement ratio*, Hr"*

+1

[81] Convergent: Step width variability

significantly reduced. Construct and

Observational: Minimum MoS in

lateral direction significantly reduced.

11 SW#*, σSW#*, minimal ML MoS#*, SL*, σSL*,

XCoM*

-1

[82] Observational: Step length and weight

shifting on the stronger side

significantly increased.

Construct and observational:

Minimum MoS significantly reduced

for the stronger side and reduced non-

significantly for the weaker side.

13 SL"*, min. ML MoS#*, SST#, dCoM,ML#* (strong

side)

0

[62] Construct and observational:

Minimum MoS significantly reduced

for first 30 steps, no significant change

during late adaptation.

12 minimal ML MoS#* (early), minimal ML

MoS*(late), ML MoS at heel contact", σ of

minimal ML MoS errorNR, σ of ML MoS at heel

contactNR

0

[60] No significant findings reported. 11 minimal ML MoS*, SW*, dCoM,ML#, vCoM,ML# 0

[78] Construct and observational:

Significant increase in MoS.

11 SW#*, σSW*, ML MoS"*, tstep#, vCoM,ML#*, σ of

ML CoM velocity#

+1
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Table 4. (Continued)

Device and intervention BES Conclusion Ref. Main findings Quality &

Bias

Outcomes Weight

P2: 3D forces applied to the pelvis Insufficient evidence for

non-impaired subjects

[69] No significant findings reported. 6 ML CoM RoM#NR, VT CoM RoM#NR, ML

shoulder RoM#NR, VT shoulder RoM#NR, θ of

ML trunk axis#NR

0

[104] Observational: Vertical pelvic range of

motion decreased significantly.

9 VT pelvis RoM#*, SST4*, tstance4*,

DST4*, Foot pressure"*
+1

P3: Vertical body weight support

unloading force applied to the lower

pelvis. Pelvis’ sway, roll, and yaw

motions locked.

Insufficient evidence for

non-impaired subjects

[105] Due to extensive restriction of motion

of the body no conclusions on gait

stability are drawn.

11 tstance", tstride* 0

P4: Vertical body weight support

unloading force applied to the lower

pelvis. Trunk motion locked. Pelvis’

sway, roll, and yaw motions locked.

Insufficient evidence for

non-impaired subjects

[105] Due to extensive restriction of motion

of the body no conclusions on gait

stability are drawn.

11 tstance#*, tstride* 0

P5: Medio-lateral pelvis manipulation

combined with handrail

Insufficient evidence for

non-impaired subjects

[65] Observational: Step width reduced

significantly.

10 SW#*, Cadence#*, ML CoM sway#* +1

L1: Knee joint torque applied over

thigh and Shank

Indicative evidence for

improving gait stability in

non-impaired subjects

[93] Construct and observational: MoS in

AP direction significantly improved.

8 AP MoS"*, ML MoS#, λ(left knee angle)#*, λ
(left hip angle)#*, λ(left ankle angle)#, λ(right

knee angle)"*, λ(right hip angle)"*, λ(right

ankle angle)", MAD(left hip)#*, MAD(left

knee)#*, MAD(left ankle)#*, MAD(right hip)#*,
MAD(right knee)#, MAD(right ankle)#*,
FMmax(left, all joints)#*, FMmax(right, all

joints)"*, gait symmetry index#

+1

[94] No significant findings reported. 10 tstride#*, ststride*, arm swing4#*, 0

[95] No significant findings reported. 11 Stride height # 0

L2: Hip joint torque applied to pelvis

and thigh

Indicative evidence for

reducing gait stability in

non-impaired subjects

[96] Convergent: λ significantly reduced

and kinematic variability significantly

increased.

Construct and observational: AP MoS

significantly reduced and ML MoS

significantly increased.

11 SL#*, SW"*, GCT#*, tswing"*, DST#*, minimum

foot clearance#, σSL"*, σSW"*, σ of GCT"*,
stswing"*, σDST"*, ML MoS#* (in swing), AP

MoS"* (in swing), ML MoS"* (at HS), AP

MoS#* (at HS), λ of trunk angular velocity#*

-1

L2: Hip joint torque applied to pelvis

and thigh

Limited evidence for

improving gait stability in

impaired subjects

[54] Observational: Gait parameters

significantly improved.

9 WS"*, Cadence"*, lstride"*, SW", SST"* +1

[63] Construct and observational: AP CoM

stability and MoS increased

significantly.

10 AP CoM stability"*, AP MoS"* +1

[66] Stroke with knee hyper extension. No

significant findings reported.

11 WS"*, 6MWT" 0

[66] Stroke without knee hyper extension.

No significant findings reported.

11 WS"*, 6MWT" 0

[68] Observational: Gait symmetry index

increased significantly.

11 gait symmetry index"* +1

L3: Medial damping force applied to

the shank

Insufficient evidence for

non-impaired subjects

[100] Significant correlation between pelvis

displacement and step width.

9 ML pelvis displacement and SW correlation* 0

[101] No significant findings reported. 9 SW-20", SL-20*, 0

L3: Medial damping force applied to

the shank

Insufficient evidence for

impaired subjects

[102] No significant findings reported. 12 SW(AL)", SL(AL)#, rFP,ML(AL)", SW(UL)", SL

(UL)#, rFP,ML(UL)#, ML pelvis displacement and

SW correlation(AL,startstep)", ML pelvis

displacement and SW correlation*(AL,

endstep)#

0

L4: Lateral damping force applied to

the shank

Insufficient evidence for

non-impaired subjects

[101] Observational: Step width significantly

decreased.

9 SW-10#*, SL-10* +1

L5: Forward assistance force applied

to the shank

Insufficient evidence for

impaired subjects

[103] Observational: Step length and

symmetry significantly increased for

affected leg.

11 SL(AL)"*, SL(UL)#, SL4"*, tswing(AL)*,

tswing(UL)*, tswing4*

+1

L6: Ankle joint torque applied by a

powered ankle foot orthosis

Insufficient evidence for

impaired subjects

[55] Observational: Temporal parameters

increased but non-significantly.

10 WS", DST", tstance" 0

[97] Observational: Step length increased

significantly.

10 SW#, σSW*, SL"*, σSL* +1
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Table 4. (Continued)

Device and intervention BES Conclusion Ref. Main findings Quality &

Bias

Outcomes Weight

L6: Ankle joint torque applied by a

powered ankle foot orthosis

Insufficient evidence for

non-impaired subjects

[98] Construct and observational: FM

increased significantly (stability

decreased).

8 λ of ankle angle and velocity*, FM of ankle

angle"*
-1

[67] Convergent: λ significantly reduced

(local stability increased), kinematic

variability non-significantly increased.

9 λ of 3D trunk acceleration#*, σ of 3D trunk

acceleration", ML trunk sway"*
+1

T1: Vertical body weight support

applied via a trunk harness

Limited evidence for

improving gait stability in

non-impaired subjects

[59] Convergent: Step width variability

significantly decreased.

9 λ of ML CoM position#, ststride ", σSW#* +1

[70] Convergent: Step width variability

significantly decreased.

8 SW"*, σSW#*, SL#, σSL#, ML MoS# +1

[69] No significant findings reported. 6 ML CoM RoM#, VT CoM RoM#, ML shoulder

RoM#, VT shoulder RoM#, θ of ML trunk axis#

0

[71] No significant findings reported. 6 WS-ratio#, tswing-ratio*, tstance-ratio* 0

[61] Convergent: Step width variability

significantly decreased. Lyapunov

exponent significantly decreased (local

stability increased).

11 SL"*, duty cycle#*, λ of vertical CoM position#*,
λ of vertical CoM velocity#*, SW#*, ML CoM

sway#*, ML MoS#, σSW#*, σ of ML CoM

sway#*, λ of ML CoM position#*, λ of ML CoM

velocity#*

+1

T1: Vertical body weight support

applied via a trunk harness

Insufficient evidence for

impaired subjects

[71] No significant findings reported. 6 WS-ratio", tswing-ratio", tstance-ratio# 0

[99] Observational: CoM ML displacement

increased significantly.

9 dCoM,ML "*, dCoM,ML phase#*, dCoM,ML

frequency#

-1

T2: Vertical body weight support plus

medio-lateral damping

Indicative evidence for

improving gait stability in

non-impaired subjects

[61] Convergent: Step width variability

significantly decreased. Lyapunov

exponent significantly decreased (local

stability increased).

11 SL", duty cycle#*, λ of vertical CoM position#*,
λ of vertical CoM velocity#*, SW#, ML CoM

sway#*, ML MoS#, σSW#*, σ of ML CoM

sway#*, λ of ML CoM position#*, λ of ML CoM

velocity#*

+1

T3: Flywheel-based torques applied to

the trunk. Manipulation of the frontal

plane medio-lateral trunk angle

Indicative evidence for

improving gait stability in

non-impaired subjects

[72] Out of phase: Convergent: Lyapunov

exponent significantly decreased (local

stability increased).

construct and observational: MoS

significantly increased.

10 SW#, σSW", SL#, σSL", tstep#, σST" λ of ML CoM

velocity#*, ML MoS"*, rCoM,ML#

+1

[57] Observational: Walking distance

increased significantly.

8 walking distance"*, WS*, ML trunk θ*, ML

angle θ velocity*

+1

T4: Body weight support plus

handrail

Insufficient evidence for

impaired subjects

[99] Observational: CoM ML displacement

phase and frequency decreased

significantly.

9 dCoM,ML#, dCoM,ML phase#*, dCoM,ML

frequency#*
+1

U1: Walking poles, walking sticks,

cane, and crutches

Limited evidence for

improving gait stability in

impaired subjects

[87] A1. Convergent: Stride time variability

reduced significantly.

Observational: Stride time increased

significantly.

13 tstride"*, ststride#*, tstep4", WS" +1

[87] A2. Observational: Stride time

increased significantly and walking

speed reduced significantly.

13 tstride"*, ststride", tstep4", WS#* 0

[88] Observational: Stance and swing time

symmetry, and stride length increased

significantly.

10 WS*, lstride"*, Cadence#*, tstance4"*, tswing4

"*, DST4", tstance(AL)", tstance(UL)#, SST"*,
DST#*

+1

[89] Observational: Walking speed

increased significantly.

11 WS"* +1

[90] No significant findings reported. 9 WS", SL4"NR, SST4"NR 0

[64] A1. Obervational: Walking speed

increased non-significantly. Bilateral

Sobolev norm difference increased

significantly.

10 WS", Sobolev norm"* 0

[64] A2. Observational: Walking speed

increased non-significantly. Bilateral

Sobolev norm difference increased

significantly.

10 WS", Sobolev norm"* 0

[84] Cane. Observational: Walking speed

and stride length decreased

significantly while other gait

parameters improved non-

significantly.

11 WS#*, lstride#*, tswing#, DST", BoS", σST", slstride",

stswing", σDST"

0

(Continued)
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Table 4. (Continued)

Device and intervention BES Conclusion Ref. Main findings Quality &

Bias

Outcomes Weight

U1: Walking poles, walking sticks,

cane and crutches

Indicative evidence of

improving gait stability for

non-impaired subjects

[91] Observational: Temporal parameters

improved significantly.

9 Cadence#, BoS", (Ipsilateral: tswing#*, tstance"*,
SST#, DST"*) (Contralateral: tswing*, tstance*,

SST*, DST"*)

+1

[64] B1. Observational: Bilateral Sobolev

norm difference increased

insignificantly.

10 WS", Sobolev norm" 0

[92] Convergent: Local stability in all

directions (Lyapunov exponent)

improved significantly.

Kinematic variability of trunk

increased significantly.

9 λ of AP trunk acceleration#*, λ of ML trunk

acceleration#*, λ of VT trunk acceleration#*,
MAD of ML trunk acceleration"*, MAD of AP

trunk acceleration"*, MAD of VT trunk

acceleration*

+1

U2: Walkers, ranging from non-

wheeled to four-wheeled

Moderate evidence of

reducing gait stability for

impaired subjects

[83] Four-wheeled walker. Observational:

Swing time and step length,

respectively, increased and decreased

significantly.

10 GCT", tswing"*, tstance", SL#*, SH#, WS#, gait

ratios and symmetriesNR
+1

[83] Motorized walker. Observational:

Swing time and step length

respectively increased and decreased

significantly.

10 GCT", tswing"*, tstance*, SL#*, SH#, WS#*, gait

ratios and symmetriesNR
+1

[84] Four-wheeled walker. Observational

and construct: BoS decreased

significantly.

11 WS#, lstride#, tswing", DST", BoS#*, σST", slstride",

stswing#, σDST"

-1

[84] Three-wheeled walker. Convergent:

Kinematic variability measures

increased significantly.

11 WS#, lstride#, lswing#, DST"*, BoS#*, σST"*,
slstride", stswing"*, σDST"*

-1

[84] Two-wheeled walker. Observational:

WS, stride length, and BoS decreased

significantly.

11 WS#*, lstride#*, lswing#, DST", BoS#*, σST",

slstride", stswing", σDST"*
-1

[84] No-wheeled walker. Convergent:

Kinematic variability increased

significantly.

11 WS#*, lstride#*, tswing#, DST", BoS#, σST"*,
slstride"*, stswing", σDST"*

-1

U2: Walkers, ranging from non-

wheeled to four-wheeled

Indicative evidence for

reducing gait stability in

non-impaired subjects

[85] Crosswalker. Observational: walking

speed reduced significantly.

9 λ of hip angle", λ of knee angle", λ of ankle

angle#, WS#*, lstride#*, Cadence#*, tstride"*,
partial weight bearing#

-1

[85] Four-wheeled walker. Convergent:

Local dynamic stability reduced

significantly.

9 λ of hip angle"*, λ of knee angle"*, λ of ankle

angle"*, WS#*, lstride#*, Cadence#, tstride",

partial weight bearing#*

-1

[86] Four-wheeled walker. No significant

findings reported

9 λ of 3D trunk acceleration*, tstride
NR, WSNR,

gait entropy, complexity, and determinism

measures

0

[86] Motorized walker. No significant

findings reported.

9 λ of 3D trunk acceleration*, tstride*, WS*,

gait entropy, complexity, and determinism

measures

0

U3: Handrail Insufficient evidence for

impaired subjects

[87] A1. Observational: Stride time and

step time symmetry increased

significantly.

13 tstride"*, ststride#, tstep4"*, WS" +1

[87] A2. Observational: Stride time

increased significantly.

13 tstride"*, ststride#, tstep4#, WS# 0

U4: Forward force provided to the

hand by a leash

Insufficient evidence for

non-impaired subjects

[64] B1. Observational: Walking speed and

bilateral Sobolev norm difference did

not change.

10 WS"*, Sobolev norm* +1

U4: Forward force provided to the

hand by a leash

Insufficient evidence for

impaired subjects

[64] A1. Observational: Bilateral Sobolev

norm difference increased

significantly.

10 WS", Sobolev norm"* 0

[64] A2. Observational: Bilateral Sobolev

norm difference reduced significantly.

10 WS", Sobolev norm#* 0

https://doi.org/10.1371/journal.pone.0305564.t004
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Fig 2. Best-evidence synthesis (BES) conclusions for a) impaired and b) non-impaired subjects. Arrows indicate the point of application and main

direction(s) of the forces and moments. Colours and line type indicate the level of evidence. The letter and number combinations are indices for the

device types. P = Pelvis, P1: Medio-lateral forces, P2: 3D forces, P3: Vertical body weight support (BWS) unloading, while pelvis’ sway, roll, and yaw

motions locked, P4: Vertical BWS unloading force, with trunk motion, pelvis’ sway, roll, and yaw motions locked, P5: Medio-lateral pelvis

manipulation combined with handrail. L = Lower extremity, L1: Knee joint torque applied over thigh and shank, L2: Hip joint torque applied to pelvis

and thigh, L3: Medial damping force applied to the shank, L4: Lateral damping force applied to the shank, L5: Forward assistance force applied to the

shank, L6: Ankle joint torque applied by a powered ankle foot orthosis. T = Trunk, T1: Vertical BWS to the trunk, T2: Vertical BWS plus medio-lateral

damping, T3: Flywheel-based torques applied to the trunk. Manipulation of the frontal plane medio-lateral trunk angle, T4: BWS plus handrail.
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Discussion

Main findings

For the impaired subjects, the highest level of evidence was found for ML pelvis stabilisation,

showing indicative levels of evidence for improving gait stability. Limited evidence was found

for hip joint stabilisation and canes. Interestingly, walkers produced a moderate level of evi-

dence for reducing gait stability in impaired subjects. In non-impaired subjects, a moderate

level of evidence was found for ML pelvis stabilisation, and limited evidence was found for

body weight supports. For all other device types, at most, indicative evidence was found. Note-

worthy is the indicative level of evidence that was found for reducing gait stability for hip joint

assistance and walkers in non-impaired subjects. Due to the heterogeneity of the reported out-

come measures, especially between groups, no meta-analysis was possible.

Best-evidence synthesis

Finding a moderate level of evidence for (P1) ML pelvis manipulation of non-impaired sub-

jects was not surprising, as this is generally assumed [16]. One reason might be that due to the

proximity of the pelvis to the CoM, any forces applied to the pelvis almost directly influence

CoM motion, the derivatives of which are major predictors of gait stability [3]. However, in

impaired individuals, we unexpectedly found a lower level of evidence, mainly due to conflict-

ing findings in the studies. Possibly disturbing a compensatory walking strategy in impaired

subjects initially decreases gait stability, as adaptation periods are required before subjects uti-

lise supporting forces and moments [106, 107]. All other articles related to pelvic manipula-

tions were exploratory studies providing insufficient evidence. No studies were found that

provided controlled AP or rotational support to the pelvis. This is possibly an interesting direc-

tion of study as manual rotational facilitation to the pelvis is used in the clinic to manipulate

the gait of patients [108].

Concerning trunk manipulation, only the direct vertical body weight unloading method

(T1) provided limited evidence for improving gait stability in non-impaired subjects. These

findings are similar to findings reported by Apte et al. (2020) [109], although these effects

might also be due to the medio-lateral centering effect of BWS systems [24]. BWS in combina-

tion with mediolateral damping to the pelvis (T2) provided indicative evidence. More indica-

tive evidence was found for (T3) devices that apply moments to the trunk, such as backpacks

containing gyroscopes or oscillating masses, though only few studies were found in this group.

The strong link between the angular momentum of the body and gait stability makes this a

promising direction of investigation [13].

A variety of interventions were used to manipulate the lower extremity. Due to differences

between devices, each group contained few papers, generating limited evidence at best. Lim-

ited evidence was found for hip joint torque applied to the pelvis and thigh (L2) in impaired

subjects. This is mainly caused by the limited use of outcome measures with convergent valid-

ity. Indicative evidence was found for devices that apply forces to the shank to manipulate the

foot placement (L3). Foot placement is one of the critical elements of balance during walking

[110]. The complexity of grabbing and manipulating the shank while in mid-air might explain

the limited number of studies.

U = Upper extremity, U1: Walking poles, walking sticks, cane, and crutches, U2: Walkers, ranging from non-wheeled to four-wheeled, U3: Handrail,

U4: Forward force provided to the hand by a leash.

https://doi.org/10.1371/journal.pone.0305564.g002
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The studies that focused on the upper extremity generated contradictory results. For

impaired subjects, the investigations on walking sticks provided only limited evidence for

improving gait stability, mainly due to contradictory findings. A systematic review by Oates

et al. (2017) described a reduction in variability of gait parameters and body stability as a

result of haptic input of canes and handrails [111]. It is noteworthy that most of these papers

did not measure or quantify the interaction forces between the subject and the device, mak-

ing it difficult to replicate or compare their results. One clear finding is the evidence for the

reduction of gait stability caused by walkers, in both the non-impaired and impaired groups.

Walkers are known to alter posture and arm swing [84, 85, 112], thereby influencing overall

gait stability.

Performing a study with non-impaired subjects is a logical first step in evaluating novel

medical technology, as it is easier to obtain ethical approvals. This most likely explains their

high occurrence in our review. Nevertheless, an investigation of improvements in gait sta-

bility in non-impaired people offers only very limited insights into the potential effects for

rehabilitation. For example, our indicative finding that devices such as walking poles and

sticks improve gait stability in non-impaired subjects does not provide a meaningful basis

for any conclusions on the possible benefits of such devices for individuals who need

assistance.

Outcome measures

All studies combined reported over 100 unique outcome measures. For only three types of out-

come measures, convergent validity is reported [3, 13, 15, 32, 45]. More than 40% percent of

the papers rated eleven or higher, putting them in the upper ranges of our BES definition. This

indicates that the low evidence levels found during our BES are mainly due to the lack of

reported outcome measures with convergent validity and the large diversity of device types

and not due to the quality of the studies.

The Lyapunov exponent (λ) is a widely accepted method of assessing gait stability [45]. The

short-range λ has reported construct and predictive validity in models and convergent validity

in experiments [3, 15]. In our review, it was reported in ten papers but was calculated over 15

unique parameters. This disparity in implementation and calculation was similarly concluded

in a dedicated review by Mehdizadeh et al. (2018) [15]. We support their call for a standardisa-

tion of λ measurement and calculation across the field, for example, the Lyapunov exponent

(λ) of the ML CoM position.

Kinematic variability is frequently used to assess gait stability [3, 14]. A reduction in vari-

ability, e.g. σSW, is correlated with an improvement in gait stability [13, 110]. Nevertheless, evi-

dence against a correlation between σSW and dynamic stability is also reported [59]. Step width

variability and step length variability are among the most reported outcome measures in our

study. Interestingly, these are hardly reported in studies assessing devices for the upper and

lower extremities. One hypothesis is that studies regarding more traditional gait aid devices

(i.e. canes, walkers, AFOs) are more focused on clinical outcome measures. This hypothesis is

indirectly supported by the fact that the clinical measure walking speed is, conversely, almost

never reported in the Trunk and Pelvis groups. As σSW is widely accepted and relatively easy to

measure and calculate, we implore colleagues in the field to always report σSW, or publish

related raw data.

Even though MoS is an old [7] and widely used measure—it is among the most reported in

our study—convergent validity in experimental studies seems to be lacking [3, 32, 37, 38] and

differences in methodology and interpretation still seem to hinder comparison between studies

[20].

PLOS ONE Direct biomechanical manipulation of human gait stability: A systematic review

PLOS ONE | https://doi.org/10.1371/journal.pone.0305564 July 11, 2024 18 / 26

https://doi.org/10.1371/journal.pone.0305564


Preregistration of studies

In the pool of included studies, the number of papers with a preregistered protocol and out-

come measures is very low (< 6%). The absence of preregistration potentially allows research-

ers to change reported outcome measures after the data is retrieved, increasing the risk of p-

hacking and cherry-picking [113, 114]. With websites such as https://osf.io/ [115] the process

is fairly straightforward. Thus, we advise researchers to take this step into account before per-

forming their study.

Limitations

Gait stability is a wide term encompassing the human ability to recover from 1) minor cyclic

perturbations that occur every step, 2) large perturbations that require a change in overall

walking pattern, and 3) the largest recoverable perturbation [3]. In our study, we focused

mainly on minor perturbations.

During our analyses, we grouped devices based on the main point of application of their

forces and their directions. Such a simplification is insufficient to fully describe how a device

works regarding weight shifting, postural restrictions, and even a perceived sense of safety.

Regardless, some grouping was required to provide a broad view of the sensitivity of gait stabil-

ity to forces applied across varying points of applications. Additionally, when running simula-

tions of gait manipulations, for instance in SCONE [116], the effect of a particular added force

or moment is similarly distilled into a single point or segment of application, respectively.

Not all studies primarily aimed at gait stability manipulation, or used the term ‘gait stabil-

ity’, which likely influenced their choice in reported outcome measures and influenced their

comparability. Similarly, grouping all impaired subjects for the comparisons within each

device type limits the strength of the conclusions that can be drawn. However, the presented

cross-disorder conclusions on the direction of devices can still be justified, as we specifically

looked at studies containing a baseline and direct intervention measurement.

Outlook

Our main findings can possibly be translated into further improvement of rehabilitation

devices and aids. For instance, the evidence surrounding lateral stabilisation of the pelvis could

be used in concert with the pelvis-manipulating active device MUCDA [117] or with cold-gas

thrusters [25] to provide lateral damping forces. Similarly, the finding that walkers seem to

cause a reduction in gait stability could warrant further investigation into the long-term effects

of walker use.

Comparison among devices is hindered by the absence of a gold standard and the heteroge-

neity of the reported outcome measures. We advise using at least (one of) the following out-

come measures: short-range Lyapunov exponent (λ), step width variability (σSW), and whole-

body centroidal angular momentum (Hr). Furthermore, we implore researchers to preregister

their trials to reduce the risk of cherry-picking and to share original data that would allow

them to recalculate the above-mentioned outcome measures.

Conclusion

The best evidence synthesis found at most moderate evidence for any intervention. A moder-

ate level of evidence was found for direct improvement of gait stability due to mediolateral pel-

vis manipulation for non-impaired subjects. Torques applied to the hip joint, and walking

poles, sticks, canes and crutches only showed limited evidence for improving gait stability for

impaired subjects. Promising, indicative evidence was found for torques applied to the trunk.
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Moderate and indicative evidence was found for reducing gait stability for walkers for impaired

and non-impaired subjects, respectively. Our findings also highlight the lack of consensus on

outcome measures amongst studies of devices focused on manipulating gait.
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18. Matjačić Z, Zadravec M, Olenšek A. Feasibility of robot-based perturbed-balance training during tread-

mill walking in a high-functioning chronic stroke subject: a case-control study. Journal of NeuroEngi-

neering and Rehabilitation. 2018; 15(1):32. https://doi.org/10.1186/s12984-018-0373-z PMID:

29642921

19. McCrum C, Gerards MHG, Karamanidis K, Zijlstra W, Meijer K. A systematic review of gait perturba-

tion paradigms for improving reactive stepping responses and falls risk among healthy older adults.

European Review of Aging and Physical Activity. 2017; 14(1):3. https://doi.org/10.1186/s11556-017-

0173-7 PMID: 28270866

20. Watson F, Fino PC, Thornton M, Heracleous C, Loureiro R, Leong JJH. Use of the margin of stability

to quantify stability in pathologic gait—a qualitative systematic review. BMC Musculoskeletal Disor-

ders. 2021; 22(1):597. https://doi.org/10.1186/s12891-021-04466-4 PMID: 34182955
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