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Abstract

Introduction

Stair falls can be caused by inconsistent stair dimensions. During ascent, inconsistently tal-

ler stair risers lead to reduced foot clearances as the inconsistency goes unnoticed. A stair

horizontal-vertical illusion increases perceived riser heights and foot clearance and could

offset reduced foot clearances over inconsistently taller risers, though this might impact

other stair safety measures.

Method

Twelve participants (age: 22 (3) years) ascended a seven-step staircase under three condi-

tions: i) all steps consistent in riser height (consistent), ii) a 1cm increase in step 5 riser

height (inconsistent) and iii) a 1cm increase in step 5 riser height, superimposed with a stair

horizontal-vertical illusion (illusion). Vertical foot clearance, foot overhang, and margins of

stability were assessed over step 4, 5 and 6. Perceived riser height due to the illusion was

determined through a computer perception test. A One-Way Repeated Measures ANOVA

compared biomechanical variables between conditions. A One Sample t test compared per-

ceived riser height to the true height.

Results

Over the inconsistent step 5, foot clearance reduced by 0.8cm compared to consistent. Illu-

sion increased foot clearance by 1.1cm and decreased foot overhang by 4% compared to

inconsistent. On step 4 the illusion led to more anterior instability compared to inconsistent.

Illusion and inconsistent led to more mediolateral stability compared to consistent. The illu-

sion increased perceived riser height by 12%.
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Discussion

Foot clearance reductions over inconsistently taller risers can be offset by a stair horizontal-

vertical illusion. Additional benefits included a safer foot overhang and unaffected stability

over the inconsistent riser. Changes to step 4 stability might have resulted from leaning for-

ward to look at the step 5 illusion. The stair horizontal-vertical illusion could be a practical

solution for inconsistently taller stair risers, where a rebuild is usually the only solution.

1. Introduction

Stair fall accidents often result in serious injury and in severe cases can be fatal [1]. Although

stair fall risk is notably heightened for an older adult largely due to age related factors such as

reduced vision or musculoskeletal function [2], stairs falls occur across the lifespan [3] and are

a broad societal issue. Many factors can affect stair fall risk including frailty, risky behaviour

(such as carrying objects on stairs) and poor vision [2], but several previous reports demon-

strate the importance of the built environment and in particular stair dimensions in dynamic

balance control and the circumstance of stair falls [4–8].

The stepping action on stairs is typically an intuitive response to the step dimensions appar-

ent to a stair user [9]. This response is informed by the visually perceived step size [10–12] and

can be fine-tuned by somatosensory feedback (i.e. when the foot lands on the stair tread) from

the first few repetitions of the stepping action on a specific staircase [11, 13]. This somatosen-

sory information results from foot contact on steps and the positional feedback from the

movement of the lower limbs over each step. The interaction and adaptation of stair visual per-

ception and somatosensory feedback will determine biomechanical characteristics such as foot

clearance, which determine the safety of the stair negotiation. Foot clearance during a step up

is a measure reflecting the distance of the foot from catching the step edge usually at the point

of step edge crossing. Inadequate foot clearance can lead to a trip/fall on stairs and is character-

ised by foot clearances that are low and/or variable over a step edge [14]. Foot clearance height

can adapt to the visually perceived height of a step/obstacle and somatosensory feedback [10,

11, 13]. Over a perceptually taller obstacle for example, Rhea, Rietdyk [11] found foot clear-

ances initially increase in an obstacle crossing task due to the perceived obstacle size, but over

repeated trials, foot clearance height reduces likely due to somatosensory feedback.

On stairs with many steps, foot clearance is reduced and more consistent over the mid stair

portion compared to stair entrance [10, 15, 16] reflecting somatosensory learning of the step

dimensions. The mid stair action is more likely driven by this information than vision [17]

though this can present an issue when discrete inconsistencies in step dimensions are present

mid stair as they go visually unnoticed and lead to reduced foot clearance [18]. Previous ergo-

nomic reports note this as a stair safety hazard, [9, 19], though to our knowledge, only one recent

study has evidenced this experimentally. Francksen, Ackermans [18] showed that during stair

ascent, foot clearances reduced by ~0.9cm in young and older adults over a mid-stair riser that

was inconsistently taller by 1cm compared to when all risers were consistent in height. Impor-

tantly, participants were unable to identify any inconsistencies in stair riser height after complet-

ing the trials. This inability to detect riser-height inconsistencies may be exacerbated on visually

uniform stairs where the lack of differentiating features provide no cue for visually attending to a

particular step or noticing between-step differences. Inconsistent stair dimensions are likely to

go unnoticed or unreported unless a serious fall or trip event occurs, yet evidence suggests the

prevalence of step inconsistencies in public are quite high. In an investigation of 80 stair fall

reports, around 60% of the stairs had variance in riser height [6]. Variability in step dimensions
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between steps should not exceed 1% in the UK [20] while in the USA a variation of 4.8mm or

greater between adjacent steps is prohibited and the difference between the largest and smallest

step should not exceed 9.5mm [21]. However, these regulations apply to newly built stairs mean-

ing old stairs may not conform to this or may have inconsistencies due to the stair degrading

with age. Despite the safety risk, a rebuild of these stairs may be time consuming and costly.

Previous findings show that superimposing a stair horizontal-vertical (HV) illusion (Fig

1A) on to steps, stairs or obstacles can lead to subsequent increases in foot clearance of ~1cm

[10, 12, 16, 22]. This visuomotor interaction is thought to represent a perception-action link

[23], and the illusion was developed on the basis of the original HV illusion (Fig 1B). These

findings have been demonstrated in both young and older adults [10, 16], and raise the ques-

tion as to whether the stair HV illusion can ameliorate the reduced foot clearances over an

inconsistently taller riser? If effective, this could be a useful solution on such stair inconsisten-

cies as there are currently no other options to circumvent this issue other than stair rebuilds.

Although previous use of the stair HV illusion has shown no detrimental effect on stair safety

measures over consistent stair risers [10, 16], visually altering the perception of a riser that is

physically taller than the preceding risers may pose stability issues and requires investigating.

The aim of this study was to determine whether a stair HV illusion can ameliorate the

reduced foot clearances that result over an inconsistently taller mid-stair riser and to assess

whether this has unintended impact on other stair ascent safety measures. These measures

included foot overhang, stair balance (margins of stability) and stair velocity, which characterise

other stair fall mechanisms including a stair slip or loss of balance. We hypothesised that an

inconsistently taller mid-stair riser would reduce foot clearance, and that the presence of a stair

HV illusion superimposed onto the inconsistently taller riser would increase foot clearance.

2. Materials and methods

2.1. Participants

Twelve young adults (Mean (1SD), age: 22 (3) years, height: 1.8 (0.1) m, mass: 81.2 (19.3) kg,

visual acuity: -0.16 (0.08) LogMAR, contrast sensitivity: 2.18 (0.32) LogCS; 9 males) were

Fig 1. Horizontal-vertical illusions. (A) A version of the stair horizontal-vertical illusion. (B) The original horizontal-

vertical illusion. The stair design is characterised by square wave gratings on the step riser and a top edge abutting edge

highlighter positioned on the going of the step. The black and white stripes here are characterised by a 70–30% mark

space ratio design. In the original horizontal-vertical illusion, the vertical line is perceived to be up to 20% longer than

the horizontal despite both lines being of equal length.

https://doi.org/10.1371/journal.pone.0257159.g001
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recruited from the University and local community and provided written informed consent to

participate. All participants were free from visual and physical/neurological impairment that

would prevent them from climbing stairs. Vision was assessed using The Freiburg Visual Acu-

ity Test [24]. All participants were naïve to the illusion and its effect from previous studies.

This study received institutional ethical approval and conformed to the declaration of

Helsinki.

2.2. Protocol

Participants ascended a seven-step custom-built instrumented staircase at a self-selected speed

under three different stair riser conditions: i) all seven steps consistent in riser height (consis-

tent), ii) a 1cm increase in step 5 riser height only (inconsistent), and iii) a 1cm increase in step

5 riser height only, superimposed with a stair horizontal-vertical illusion (illusion) (Fig 2). For

the consistent stair condition, each step had a riser height of 20cm. For the inconsistent and

illusion stair conditions, step 5 had a rise height of 21cm whilst the remaining steps had rise

heights of 20cm. All steps had a going length of 25cm irrespective of stair condition. These

dimensions fall within UK building regulations [25]. Each stair condition was performed as a

block of five successful trials. Participants began by completing the consistent stair condition

first, but the order of inconsistent and illusion stair conditions were counterbalanced between

participants. Following the stair trials, participants completed a computer-based perception

test to determine the presence of a perceptual effect in response to the illusion.

Trials began approximately two/three steps away from the staircase. Participants were

instructed to cross the first step with the same self-selected foot for each trial, ascend the stairs

in a step-over-step manner and continue walking to the end of the top landing after crossing

the last step. Upon return to the start position, participants were asked to step over two low

height obstacles to disrupt any potential somatosensory interference from descending the

stairs. When changing between stair conditions, participants were asked to leave the room and

were instructed that something may or may not change on the stairs. Participants were not

informed of the 1cm increase in riser height change or the purpose of the superimposed illu-

sion. All participants completed the trials without handrail use. Participants wore tight

Fig 2. Stair conditions. (A) Consistent. (B) Inconsistent. (C) Illusion. Step 5 riser height for stair conditions B and C

was increased by 1cm. The HV illusion design on stair C was characterised by a 70–30% mark space ratio between the

white and black stripes on the riser aspect respectively with an abutting edge highlighter on the step going. This design

was used as it showed the strongest perception-action link from our previous study [16].

https://doi.org/10.1371/journal.pone.0257159.g002
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clothing, flat shoes and were familiarised with the protocol. Commercially available grey floor

coverings were used on the laboratory staircase to create a visually uniform stair appearance.

The HV illusion riser design (Fig 2) was printed in a matte finish, cut to size, and reinforced

with card. A 5.5cm edge highlighter was used on the going of step 5 to complete the illusion

[10].

A 26-camera motion capture system (Vicon MX, Oxford Metrics, UK) captured whole

body kinematics at 120 Hz. The Plug-in Gait marker set (without arms) was used to model

head, trunk, pelvis and lower body kinematics with additional tracking markers and clusters

placed on the head and lower limbs. A static calibration was captured to acquire the modelled

body segments’ marker coordinates. A digitising wand (C-Motion, Germantown, MD, USA)

was used to create virtual landmarks on the toe and heel-tips of participants’ shoes. Toe-tip

landmarks were created on the most anterior-inferior aspect of the shoe; heel-tip landmarks

were created at the most posterior-inferior aspect of the shoe. Step edge locations were defined

with virtual landmarks using the digitising wand, and these were referenced to a marker clus-

ter affixed to the stairs.

Marker data were labelled, and gap filled (quintic spline method with maximum gap of 12

frames) in Vicon (Vicon Nexus 2.6, Oxford Metrics), and exported as c3d files for analysis

using Visual 3D (C-Motion, Germantown, MD, USA). Marker data were filtered using a

fourth order Butterworth bidirectional filter (cut-off frequency 6Hz). Outcome measures

included lead vertical foot clearance, foot overhang, margins of stability (MoS) in the antero-

posterior and mediolateral directions, and stair-climbing velocity.

Lead vertical foot clearance, defined as the vertical distance of the virtual toe tip landmark

to the step edge was extracted at the point where the difference in anteroposterior position

between the step edge and virtual toe tip landmark was zero. Foot overhang was defined as the

distance between the virtual heel tip landmark and the virtual step edge location(s) and was

extracted at the point the trail limb crossed the step edge. Foot overhang was calculated as a

percentage of foot length.

Centre of mass (CoM) was generated as a link model-based item in Visual 3D based on

Dempster’s regression equations [26]. Stair-climbing velocity was calculated as the first deriva-

tive of the CoM anteroposterior trajectory from the start of the trial to initial contact on the

top landing of the trailing foot. Margins of stability were calculated and defined in the antero-

posterior direction as the distance between the extrapolated CoM (xCoM) and the virtual toe

tip landmark and in the mediolateral direction as the distance between the xCoM and 5th

Metatarsal head [4, 27, 28]. In the anteroposterior direction a negative margin of stability value

represents an xCoM anterior to the boundary of support indicating instability. In the medio-

lateral direction a negative value represents an xCoM that is lateral to the boundary of support

indicating instability.

xCoM was defined as:

xCoM ¼ pCoM þ vCoM=
ffiffiffiffiffiffiffiffiffiffiffi
ðgl� 1Þ

p
ð1Þ

where pCoM is the anteroposterior/mediolateral position of the CoM, vCoM is the instanta-

neous anteroposterior/mediolateral velocity of the CoM, g is acceleration due to gravity, and l
is the absolute distance between the CoM and the ankle joint centre. The anteroposterior and

mediolateral margin of stability were calculated at the point of lead vertical foot clearance over

each step as this represents the most dangerous point for a trip.

Aside from stair-climbing velocity, all outcome measures were calculated for each stair con-

dition on step 4,5 and 6 to determine whether each condition influenced behaviour before, on

and after step 5.
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2.3. Visual perception test

A computer-based perception test using a forced choice psychophysical procedure pro-

grammed in PsychoPy (Psychophysics software in Python; version 1.90) assessed the perceived

height of step risers when superimposed with the stair HV illusion. This test involved the com-

parison of an outlined stair image superimposed with versions of HV illusions [10] on the bot-

tom riser (fixed riser height) to plain outlined stair images with varying bottom riser heights.

Participants then selected the stair that appeared to have the tallest bottom riser height over

repeated trials. Perceived riser height was estimated by fitting a psychometric function to the

relative step height judgments and finding the point of subjective equality between the pat-

terned and plain steps. This test included the HV illusion that was present in the stair ascent

trials (70–30% mark space ratio design; Fig 2), allowing us to understand how participants

may have visually perceived the step riser height during the stair ascent trials in the illusion

condition. Whilst a static perception test cannot entirely reflect visual perception dynamically

during stair ascent, performing such a test with a physical set of stairs is impractical owing to

the significant number of repetitive trials needed to fit a reliable psychometric function. The

programming setup of the perception test included three other previously developed HV illu-

sion designs. These designs were not included in the stair ascent assessment since no differ-

ences in perceived riser height were found between all versions (One-Way Repeated Measures

ANOVA; p>.05). Readers are referred to [16] for our investigation of differences between illu-

sion designs and for further details about this perception test.

2.4. Statistical analysis

For each participant, the average of 5 trials for each condition were used for statistical analysis.

Residual plots were used to confirm normal distribution of all variables. A One-Way Repeated

Measures ANOVA compared kinematic variables for within-subject effects of stair condition

(x3: consistent, inconsistent, illusion). Separate ANOVAs were performed for each step. Data

sphericity was assessed using Mauchly’s test of Sphericity. When data violated sphericity, a

Greenhouse-Geisser (<0.75) or Huynh-Feldt (>0.75) epsilon correction was used. ANOVA

effect sizes are reported as partial eta squared (n2
p), for which the thresholds are small (0.01),

medium (0.06) and large (0.14). Significant main effects were followed with post-hoc tests

using a Bonferroni correction for multiple comparisons. Effect sizes for post hoc comparisons

are represented as Hedges g for which the thresholds are small (0.2), medium (0.5) and large

(0.8) [29]. A One Sample t test was used to compare the perceived riser height of the HV illu-

sion to the true step height. Statistical analyses were performed in SPSS 26 (SPSS version 26.0

IBM Corp, 2019) with an alpha level of .05. Centre of mass data were incomplete for one par-

ticipant meaning margin of stability and stair velocity comparisons were performed with

eleven participants. All results are reported as mean (1SD).

3. Results

3.1. Lead vertical foot clearance

A significant main effect of stair condition was found over step 5 (F(2, 22) = 12.413, p =< .001,

n2
p = .530). The inconsistent condition reduced foot clearance by 0.8cm when compared to

the consistent (p = .007, g = .689), and the illusion condition increased foot clearance by 1.1cm

when compared to the inconsistent condition (p = .002, g = 1.043) (Fig 3A). No significant dif-

ferences were found between the consistent and illusion condition (p = .615). No significant

differences were found between conditions on step 4 and step 6 (Table 1; p�.218).
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3.2. Foot overhang

A significant main effect of stair condition was found on step 5 (F(2, 22) = 4.612, p = .021, n2
p =

.295). The illusion condition reduced foot overhang by 4% compared to the inconsistent con-

dition (p = .029, g = .327) but was not significantly different to the consistent condition (p =
.541) (Fig 3B). No differences were found on step 5 when the consistent condition was com-

pared to the inconsistent condition (p = .387). No significant differences were found between

conditions on step 4 and step 6 (p�.165).

3.3. Anteroposterior margins of stability

For all conditions, the anteroposterior margin of stability was negative at the point of lead ver-

tical foot clearance (Fig 3C). No significant main effect of stair condition was found on step 5

(F(2, 20) = 2.391, p = .117, n2
p = .193). A significant main effect of stair condition was found on

step 4 (F(1.294, 12.941) = 6.288, p = .020, n2
p = .386). The illusion condition led to a more negative

margin of stability when compared to the inconsistent condition by 0.9cm (p = .031, g = .216)

but illusion was not significantly different to the consistent condition (p = .055). No differences

were found on step 4 when comparing consistent to the inconsistent condition (p = .366;

Table 1). A significant main effect of condition was found on step 6 (F(2, 20) = 3.777, p = .041,

n2
p = .274), but post hoc comparisons revealed no differences between stair conditions

(p�.111; see S1 Table for differences when post hoc corrections are not applied).

3.4. Mediolateral margins of stability

For all conditions, the mediolateral margin of stability was positive, indicating stability at the

point of lead vertical foot clearance (Fig 3D). No significant main effect of condition was

found on step 5 (F(1.320, 13.203) = 1.231, p = .303, n2
p = .110). A significant main effect of condi-

tion was found on step 4 (F(2, 20) = 7.004, p = .005, n2
p = .412). The illusion (15.2 (2.2) cm, p =

Fig 3. Outcome measures on step 5. (A) Vertical foot clearance. (B) Foot overhang. (C) Anteroposterior MoS. (D)

Mediolateral MoS. Box plots present the mean (⬤) and median (-). �Denotes significant difference between conditions

inside brackets. Foot overhang represents percentages of foot length. Negative anteroposterior MoS values represent an

xCoM ahead (anterior) of the boundary of support. Positive mediolateral values represent an xCoM that is inside

(medial) the boundary of support.

https://doi.org/10.1371/journal.pone.0257159.g003
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.009) and inconsistent (15.1 (2.1) cm, p = .015) condition led to greater stability compared to

the consistent condition (14.2 (1.8) cm; Table 1). No significant differences were found

between the illusion and inconsistent condition (p = 1.0). A significant main effect of condi-

tion was found on step 6 (F(2, 20) = 3.684, p = .043, n2
p = .269), but post hoc comparisons

revealed no differences between stair conditions (p�.054; see S1 Table for differences when

post hoc corrections are not applied).

3.5. Stair-climbing velocity and perceived riser heights

Stair-climbing velocity did not significantly differ between stair conditions (consistent = 0.5

(0.1) m.s-1, inconsistent = 0.5 (0.1) m.s-1, illusion = 0.5 (0.04) m.s-1) (F(3, 33) = .788, p = .509,

n2
p = .067). In the computer-based perception test, the step superimposed with the HV illusion

was perceived to be significantly taller than the true height by 12% (p< .001, g = 2.216).

4. Discussion

This study is the first to provide evidence that presence of a stair HV illusion can ameliorate

the effects of previously reported reduced foot clearance over an inconsistently taller mid-stair

riser.

The reduced foot clearance observed for the inconsistent stair condition (0.8cm) corrobo-

rates the previously identified stair safety issue that individuals do not adapt to such riser

height increases [18], likely due to the stair riser increase going unnoticed. Here we show a

reduction in foot clearance that is comparable in magnitude to the inconsistency of the stair

riser and similar to the reduction (0.9cm) reported by Francksen, Ackermans [18]. Whilst

Francksen, Ackermans [18] created an inconsistency on the third stair riser, our inconsistency

occurred on the fifth stair riser, suggesting the lack of foot clearance adaptation we found

could have been driven by somatosensory learning from as early as two complete steps up.

Foot clearance for the illusion compared to inconsistent stair condition increased, suggest-

ing the stair HV illusion is an effective visual cue that can offset the foot clearance reductions

to a safer distance. No changes to foot clearance on step 4 or step 6 across stair conditions also

indicate that the foot clearance increase is pertinent to the step the illusion is placed upon, sup-

porting previous findings [10, 16]. Our computer-based perception test also showed increases

in perceived riser height in response to the same HV illusion we used during the stair ascent

Table 1. Values for vertical foot clearance, foot overhang, anteroposterior MoS and mediolateral MoS on steps 4, 5 and 6 across conditions.

Step 4 Step 5 Step 6

Consistent Inconsistent Illusion Consistent Inconsistent Illusion Consistent Inconsistent Illusion

Vertical foot 5.0 4.7 4.9 5.5� 4.7 5.8� 4.9 4.7 5.1

clearance (cm) (1.2) (0.8) (1.0) (1.0) (1.1) (1.0) (1.0) (0.9) (0.8)

Foot overhang (%) 39.2 41.4 40.5 35.4 37.1 33.4� 32.0 34.0 33.9

(11.1) (10.7) (9.6) (11.5) (11.6) (10.0) (11.8) (11.4) (11.1)

Anteroposterior MoS (cm) -10.0 -10.9 -11.8� -11.4 -12.5 -12.2 -11.7 -12.9 -12.3

(3.9) (4.2) (3.7) (3.3) (3.1) (2.9) (3.3) (3.7) (3.3)

Mediolateral MoS (cm) 14.2 15.1† 15.2† 13.6 14.0 13.4 14.3 15.3 14.5

(1.8) (2.1) (2.2) (2.1) (1.8) (1.6) (0.9) (1.5) (1.7)

Negative and positive MoS values represent an xCoM ahead (anteroposterior) and inside (mediolateral) the boundary of support, respectively. Foot overhang values

represent percentages of foot length.

�Denotes significant difference compared to inconsistent condition.

†Denotes significant difference compared to consistent condition.

https://doi.org/10.1371/journal.pone.0257159.t001
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trials. This, alongside accompanying increases in foot clearance, represents a perception-action

link. This is important as studies involving motor control in response to illusions sometimes

show dissociations between the perceptual response and motor action [30], though this may

also be linked to methodological factors [31].

On Step 5, the HV illusion resulted in reduced foot overhang compared to the inconsistent

condition, meaning a greater portion (4%) of the foot was in contact with the step. Our effect

sizes however indicate that this was a small effect. Greater foot contact length on a step reduces

the likelihood of a slip occurring and may be related to the presence of the edge highlighter on

the going of the step. Previous findings indicate that the presence and positioning of an edge

highlighter provides a visual cue that affects where the foot is placed when descending stairs

[32] and may have a similar effect for stair ascent. This greater foot contact length may also be

a result from the increased foot clearance height, as the foot would likely have longer time to

travel forwards and downwards onto the step.

On step 4, there was a more negative anterior margin of stability for the illusion condition

compared to the inconsistent stair condition, though a negative anterior margin of stability is

expected between steps as part of the natural forward movement [33] on stairs. Minimal differ-

ence in foot overhang on step 4 between conditions indicates that this change was not a result

of changes to the base of support positioning (i.e., anterior foot placement) on the step and

more likely a change in the CoM control. This might reflect a more forward leaning upper

body posture and head flexion to visually focus on the step with the stair HV illusion, particu-

larly as this step would appear noticeably different to the other steps. During stair descent

Bosse, Oberländer [28] showed more negative anterior margin of stability at touch down and

an associated increased trunk flexion angle trend which could be the case here. On step 4 a sig-

nificant increase in mediolateral stability was observed in the inconsistent and illusion condi-

tion when compared to the consistent condition. Importantly, the mediolateral margin of

stability was positive across all conditions indicating stability and this direction of change for

the inconsistent and illusion condition was towards a safer margin of stability. The reason for

this change is not clear but may be related to the step height change rather than the step

appearance given the null difference between the illusion and inconsistent. Over the entire

stair ascent period, no significant differences between conditions were observed for stair veloc-

ity. This suggests that the step manipulations do not significantly introduce overall stair hesita-

tion. On step 6, differences in margin of stability did not reach statistical significance due to

the post hoc correction for multiple comparisons. Our supplementary material provides an

indication where differences may have occurred between conditions if statistical significance

were achieved. These findings point towards reduced anteroposterior stability for inconsistent

when compared to consistent, but greater mediolateral stability for inconsistent when com-

pared to the other conditions. No differences are indicated between illusion and consistent

suggesting the stair HV illusion likely does not disrupt normal stair balance over step 6.

For an inconsistent riser, the stair HV illusion may have advantages over the use of an edge

highlighter alone. On a single step, edge highlighters appear not to increase foot clearance dur-

ing the step up (despite the added saliency), whereas a stair HV illusion does [10]. This means

on an inconsistent riser a stair HV illusion would more likely increase foot clearance compared

to an edge highlighter. The stair HV illusion incorporates an edge highlighter in its design

which can aid stair descent safety [32] and could be a possible solution for inconsistent goings,

though future work should address this. The riser stripes alongside the top edge highlighter

provides greater saliency to the step and may encourage visual attention, particularly for an

inconsistent riser which goes unnoticed. The stair HV illusion could therefore be a practical

solution for inconsistently taller risers on public stairs, where a rebuild is usually the only

option.
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4.1. Limitations and future considerations

Here we demonstrate a stair safety benefit (i.e., increased foot clearance) by superimposing the

stair HV illusion on an inconsistently taller riser, in young adults only. Future research should

determine whether older adults, who fall with more serious consequences than young adults,

respond in a similar way. Francksen, Ackermans [18] showed no differences in reduced foot

clearances between young and older adults over an inconsistently taller stair riser, suggesting

findings from the current study may translate to older adults. Our previous work indicates a per-

ception-action link in older adults in response to the stair HV illusion superimposed on stairs

[16], so it is plausible that older adults could exhibit increases in foot clearance in response to a

stair HV illusion placed onto an inconsistently taller riser in the same way as young adults in the

current study. For our consistent condition we chose a plain/uniform stair surface without edge

highlighters as these are not always present on stairs. Foster, Whitaker [10] showed foot clear-

ance does not increase significantly with the presence of an edge highlighter alone, but does

when a stair HV illusion is used. Here it is likely an increase in foot clearance would still occur

with a stair HV illusion if all steps had edge highlighters present, though this should be tested

explicitly in future. This study tested more males than females, therefore care should be taken

when generalising the current findings to females since sex-based differences have been previ-

ously reported in stair negotiation. In a stair descent task, Hsue and Su [34] showed women to

have larger peak to peak CoM displacement and peak instantaneous CoM velocity in the AP,

ML and vertical directions compared to men which could affect dynamic stability. Our margin

of stability measure was captured at the point where the foot is most likely to catch/contact the

inconsistently taller stair riser. Future research could also look to assess whether differences in

stability occur across other periods of the gait cycle (e.g., in a time series analysis) when a stair

HV illusion is used on an inconsistently taller riser. Future investigations should also assess the

efficacy of using the stair HV illusion on stairs in public where cases of inconsistently taller risers

are reported. This will also help to establish whether the effectiveness of the illusion translates to

real world conditions where factors such as crowds on stairs or distractions to stair visual atten-

tion might influence the overall stair safety benefit the illusion provides.

5. Conclusion

We provide evidence that the presence of a stair HV illusion can offset the effects of reduced foot

clearance over an inconsistently taller mid-stair riser. Importantly, there were no detrimental

effects on other measures of stair safety over the inconsistently taller step. The stair HV illusion

could be a beneficial solution on stairs that have an inconsistent riser and future research should

determine its efficacy in real-world environments with younger and older adult stair users.

Supporting information

S1 Table. Bonferroni corrected and uncorrected post hoc statistical tests for margins of

stability on step 6.

(DOCX)

S1 Data.

(XLSX)

Acknowledgments

We would like to thank Rebecca Walker for the assistance she provided with data collection.

PLOS ONE A stair illusion increases foot clearance over an inconsistently taller stair-riser

PLOS ONE | https://doi.org/10.1371/journal.pone.0257159 September 14, 2021 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257159.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257159.s002
https://doi.org/10.1371/journal.pone.0257159


Author Contributions

Conceptualization: Timmion K. Skervin, Mark A. Hollands, Constantinos N. Maganaris,

Thomas D. O’Brien, Vasilios Baltzopoulos, Richard J. Foster.

Data curation: Timmion K. Skervin, Neil M. Thomas.

Formal analysis: Timmion K. Skervin.

Funding acquisition: Timmion K. Skervin, Andrew J. Schofield, Mark A. Hollands, Constan-

tinos N. Maganaris, Richard J. Foster.

Investigation: Timmion K. Skervin, Neil M. Thomas, Richard J. Foster.

Methodology: Timmion K. Skervin, Richard J. Foster.

Project administration: Timmion K. Skervin.

Software: Timmion K. Skervin.

Supervision: Neil M. Thomas, Andrew J. Schofield, Mark A. Hollands, Constantinos N. Maga-

naris, Richard J. Foster.

Visualization: Timmion K. Skervin.

Writing – original draft: Timmion K. Skervin, Richard J. Foster.

Writing – review & editing: Timmion K. Skervin, Neil M. Thomas, Andrew J. Schofield,

Mark A. Hollands, Constantinos N. Maganaris, Thomas D. O’Brien, Vasilios Baltzopoulos,

Richard J. Foster.

References
1. Startzell JK, Owens DA, Mulfinger LM, Cavanagh PR. Stair negotiation in older people: a review. J Am

Geriatr Soc. 2000; 48(5):567–80. https://doi.org/10.1111/j.1532-5415.2000.tb05006.x PMID: 10811553

2. Jacobs JV. A review of stairway falls and stair negotiation: Lessons learned and future needs to reduce

injury. Gait Posture. 2016; 49:159–67. https://doi.org/10.1016/j.gaitpost.2016.06.030 PMID: 27427833

3. NHS Digital SCAT. Hospital Admitted Patient Care Activity 2019–20 NHS Digital: NHS Digital, part of

the Government Statistical Service Copyright© 2020 Health and Social Care Information Centre; 2020

[updated 18 November 2020. Available from: https://digital.nhs.uk/data-and-information/publications/

statistical/hospital-admitted-patient-care-activity/2019-20#resources.

4. Novak AC, Komisar V, Maki BE, Fernie GR. Age-related differences in dynamic balance control during

stair descent and effect of varying step geometry. Applied ergonomics. 2016; 52:275–84. https://doi.

org/10.1016/j.apergo.2015.07.027 PMID: 26360219

5. Wright M, Roys M. Accidents on English dwelling stairs are directly related to going size. Contemporary

Ergonomics. 2008; 2008:632.

6. Cohen J, LaRue CA, Cohen HH. Stairway falls an ergonomics analysis of 80 cases. Professional

Safety. 2009; 54(01).

7. Roys MS. Serious stair injuries can be prevented by improved stair design. Applied ergonomics. 2001;

32(2):135–9. https://doi.org/10.1016/s0003-6870(00)00049-1 PMID: 11277505

8. Foster RJ, Maganaris CN, Reeves ND, Buckley JG. Centre of mass control is reduced in older people

when descending stairs at an increased riser height. Gait & posture. 2019; 73:305–14. https://doi.org/

10.1016/j.gaitpost.2019.08.004 PMID: 31415979

9. Johnson D, Pauls J. Why Should Home Stairs Be Less Safe? Trial News. 2012; 47(8):11–5.

10. Foster RJ, Whitaker D, Scally AJ, Buckley JG, Elliott DB. What you see is what you step: the horizontal-

vertical illusion increases toe clearance in older adults during stair ascent. Invest Ophthalmol Vis Sci.

2015; 56(5):2950–7. https://doi.org/10.1167/iovs.14-16018 PMID: 26024081

11. Rhea CK, Rietdyk S, Haddad JM. Locomotor adaptation versus perceptual adaptation when stepping

over an obstacle with a height illusion. PloS one. 2010; 5(7):e11544. https://doi.org/10.1371/journal.

pone.0011544 PMID: 20634962

PLOS ONE A stair illusion increases foot clearance over an inconsistently taller stair-riser

PLOS ONE | https://doi.org/10.1371/journal.pone.0257159 September 14, 2021 11 / 13

https://doi.org/10.1111/j.1532-5415.2000.tb05006.x
http://www.ncbi.nlm.nih.gov/pubmed/10811553
https://doi.org/10.1016/j.gaitpost.2016.06.030
http://www.ncbi.nlm.nih.gov/pubmed/27427833
https://digital.nhs.uk/data-and-information/publications/statistical/hospital-admitted-patient-care-activity/2019-20#resources
https://digital.nhs.uk/data-and-information/publications/statistical/hospital-admitted-patient-care-activity/2019-20#resources
https://doi.org/10.1016/j.apergo.2015.07.027
https://doi.org/10.1016/j.apergo.2015.07.027
http://www.ncbi.nlm.nih.gov/pubmed/26360219
https://doi.org/10.1016/s0003-6870%2800%2900049-1
http://www.ncbi.nlm.nih.gov/pubmed/11277505
https://doi.org/10.1016/j.gaitpost.2019.08.004
https://doi.org/10.1016/j.gaitpost.2019.08.004
http://www.ncbi.nlm.nih.gov/pubmed/31415979
https://doi.org/10.1167/iovs.14-16018
http://www.ncbi.nlm.nih.gov/pubmed/26024081
https://doi.org/10.1371/journal.pone.0011544
https://doi.org/10.1371/journal.pone.0011544
http://www.ncbi.nlm.nih.gov/pubmed/20634962
https://doi.org/10.1371/journal.pone.0257159


12. Elliott DB, Vale A, Whitaker D, Buckley JG. Does my step look big in this? A visual illusion leads to safer

stepping behaviour. PLoS One. 2009; 4(2):e4577. https://doi.org/10.1371/journal.pone.0004577 PMID:

19240790

13. Heasley K, Buckley JG, Scally A, Twigg P, Elliott DB. Stepping up to a new level: effects of blurring

vision in the elderly. Invest Ophthalmol Vis Sci. 2004; 45(7):2122–8. https://doi.org/10.1167/iovs.03-

1199 PMID: 15223785

14. Hamel KA, Okita N, Higginson JS, Cavanagh PR. Foot clearance during stair descent: effects of age

and illumination. Gait Posture. 2005; 21(2):135–40. https://doi.org/10.1016/j.gaitpost.2004.01.006

PMID: 15639391

15. Simoneau GG, Cavanagh PR, Ulbrecht JS, Leibowitz HW, Tyrrell RA. The influence of visual factors on

fall-related kinematic variables during stair descent by older women. J Gerontol. 1991; 46(6):M188–95.

https://doi.org/10.1093/geronj/46.6.m188 PMID: 1940077

16. Skervin TK, Thomas NM, Schofield AJ, Hollands MA, Maganaris CN, Foster RJ. The next step in opti-

mising the stair horizontal-vertical illusion: Does a perception-action link exist in older adults? Experi-

mental Gerontology. 2021:111309. https://doi.org/10.1016/j.exger.2021.111309 PMID: 33716111

17. Miyasike-daSilva V, McIlroy WE. Does it really matter where you look when walking on stairs? Insights

from a dual-task study. Plos one. 2012; 7(9):e44722. https://doi.org/10.1371/journal.pone.0044722

PMID: 22970297

18. Francksen NC, Ackermans TMA, Holzer D, Ebner SA, Maganaris CN, Hollands MA, et al. Negotiating

stairs with an inconsistent riser: Implications for stepping safety. Appl Ergon. 2020; 87:103131. https://

doi.org/10.1016/j.apergo.2020.103131 PMID: 32501252

19. Johnson DA, Pauls J. Systemic stair step geometry defects, increased injuries, and public health plus

regulatory responses: CRC Press; 2010.

20. BSI. Part 1: Code of practice for the design of stairs with straight flights and winders 2010 [Available

from: https://www.britishstandard.org.uk/pub/bs-5395-12010-9780580558962.aspx.

21. NFPA 101. Life Safety Code 2021 [101:[Available from: https://www.nfpa.org/codes-and-standards/all-

codes-and-standards/list-of-codes-and-standards/detail?code=101.

22. Foster RJ, Buckley JG, Whitaker D, Elliott DB. The addition of stripes (a version of the ‘horizontal-verti-

cal illusion’) increases foot clearance when crossing low-height obstacles. Ergonomics. 2016; 59

(7):884–9. https://doi.org/10.1080/00140139.2015.1105304 PMID: 27626886

23. Milner AD, Goodale MA. Two visual systems re-viewed. Neuropsychologia. 2008; 46(3):774–85.

https://doi.org/10.1016/j.neuropsychologia.2007.10.005 PMID: 18037456

24. Bach M. The Freiburg Visual Acuity Test-automatic measurement of visual acuity. Optometry and vision

science. 1996; 73(1):49–53. https://doi.org/10.1097/00006324-199601000-00008 PMID: 8867682

25. Gov. Protection from falling, collision and impact: NBS; 2010 [Available from: https://assets.publishing.

service.gov.uk/government/uploads/system/uploads/attachment_data/file/443181/BR_PDF_AD_K_

2013.pdf.

26. Dempster WT. Space requirements of the seated operator, geometrical, kinematic, and mechanical

aspects of the body with special reference to the limbs. Michigan State Univ East Lansing; 1955.

27. Hof AL, Gazendam MG, Sinke WE. The condition for dynamic stability. J Biomech. 2005; 38(1):1–8.

https://doi.org/10.1016/j.jbiomech.2004.03.025 PMID: 15519333

28. Bosse I, Oberländer KD, Savelberg HH, Meijer K, Brüggemann G-P, Karamanidis K. Dynamic stability
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