

[image: image1]
Obstacles shape the way we walk at home












	
	TYPE Original Research
PUBLISHED 07 December 2023
DOI 10.3389/fcomp.2023.1270520






Obstacles shape the way we walk at home

Mélodie Sannier*†‡, Stefan Janaqi‡, Gérard Dray, Pierre Slangen and Benoît G. Bardy†‡

EuroMov Digital Health in Motion, University of Montpellier, Institut Mines-Télécom - Alès (IMT) Mines Alès, Montpellier, France

[image: image2]

OPEN ACCESS

EDITED BY
Ana Tajadura-Jiménez, Universidad Carlos III de Madrid, Spain

REVIEWED BY
Christopher Pagano, Clemson University, United States
 Claudio Feliciani, The University of Tokyo, Japan

*CORRESPONDENCE
 Mélodie Sannier, melodie.sannier@gmail.com

†These authors share first authorship

‡These authors have contributed equally to this work and share senior authorship

RECEIVED 31 July 2023
 ACCEPTED 09 November 2023
 PUBLISHED 07 December 2023

CITATION
 Sannier M, Janaqi S, Dray G, Slangen P and Bardy BG (2023) Obstacles shape the way we walk at home. Front. Comput. Sci. 5:1270520. doi: 10.3389/fcomp.2023.1270520

COPYRIGHT
 © 2023 Sannier, Janaqi, Dray, Slangen and Bardy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Introduction: Walking indoors, particularly at home, presents a distinct experience compared to the conventional pedestrian walking classically described. Our homes encompass intricate, confined, and cluttered architectural spaces that necessitate a predominantly curvilinear walking pattern. Despite the growing interest in studying our home, spurred by successive COVID-19 lockdowns, there remains a dearth of information regarding our walking behaviors inside homes, yet rich in data on the physical and sensory links between humans and their daily interior environment.

Methods: This study presents the outcomes of a controlled experiment conducted in an apartment in Montpellier, France. Participants were tasked with traversing the living room at a natural pace, encountering two natural obstacles-a large dining table and a small coffee table. They then walked back in opposite direction, circumnavigating the same two obstacles. To examine walking behavior within a pseudo-natural context, three conditions were tested: a controlled condition and two conditions that perturbed the natural curvilinear trajectory perceptually, by imposing an unpleasant sound, or physically, by suddenly displacing the coffee table between conditions. Twenty participants performed 30 trials in each condition. We approximated the position of their center of mass and computed various metrics related to their trajectories, including walking speed, obstacle clearance distance, its adaptation over time, and inter-trial trajectory variability.

Results: Findings revealed a greater visual clearance distance for the dining table compared to the coffee table, a difference reduced by the perturbation caused by displacing the coffee table. This clearing distance diminished with repetitions, showing that over time we tend to walk closer to obstacles around us. These adaptations were clearly the result of an active visuo-motor regulation, as evidenced by the reduced trajectory variability at, or just before, the location of the obstacles.

Discussion: Collectively, these results demonstrate that walking at home is a flexible behavior necessitating continuous perceptual adaptations in our daily trajectories. These findings could contribute to a detailed analysis of walking indoors under natural conditions, and the investigated metrics could serve as a baseline for comparing the embodiment of physical and mental health in walking patterns, for instance during lockdowns. Furthermore, our findings have consequences for safer mediated human architecture interaction.
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1 Introduction

The worldwide COVID-19 pandemic has compelled us to change our habits and spend more time in our homes, which can be described as a restricted and cluttered environment with obstacles such as tables, chairs, and furniture (Djaoui, 2011). The pandemic has highlighted the importance of understanding our behavior within the home, specifically our indoor locomotor behaviors. Previous research has extensively documented natural walking in outdoor settings, including urban environments (Losing and Hasenjäger, 2022), rural areas (Knoblauch et al., 1996; Pecol et al., 2011), and natural environments such as parks and forests (Song et al., 2019; Luo et al., 2020). Some studies have focused on locomotor trajectories in more confined spaces, such as laboratories (Hicheur et al., 2007), shopping malls (Hangland and Cimbalo, 1997) or even on airplanes (Borwein et al., 2012). However, the investigation of how we walk in the restricted space of our everyday living environment, i.e., our home, is a relatively recent area of study. Research has begun to document the behavior of healthy individuals at home (Glaister et al., 2007; WSJ, 2012; Sannier et al., 2022), with implications for rehabilitation (Lim et al., 2021) and healthy aging (Taleb et al., 2009; Borelli et al., 2019). However, crucial information is still lacking, particularly in understanding the characteristics, needs, and locomotor constraints of people living naturally at home. In this article, we present the results of an experiment conducted within a fully furnished apartment. The purpose of this experiment was to gain a better understanding of how our daily locomotor metrics are influenced by the presence of obstacles, such as tables, or sensory perturbations like external noise.



2 Walking outdoor vs. indoor

Walking is a natural form of human locomotion that requires the integration of motor, perceptual, and cognitive abilities (Delafontaine, 2018). It is characterized by a two-step walking cycle, consisting of left and right steps. On average, the step length falls between 50 and 80 cm, with a mean value of 64 cm and a duration of 536 ms (McGeer, 1990; Winter, 2009). The walking cycle corresponds to a stride, which is the sequence of two steps. It is typically identified by the initial heel strike of the right foot until the subsequent heel strike of the right foot. The stride is defined by its frequency (Fstride), length (Lstride), and speed (V) as follows (Pheasant, 1981):
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Speed is a commonly used metric to describe walking and can serve as an indicator of health. This metric reflects our locomotor capabilities (Middleton et al., 2015), particularly indicating a minimal energy consumption (Ralston, 1958). Moreover, walking speed varies based on factors such as sex (Troje, 2002), age (Bohannon, 1997), physical health conditions (e.g., arteriosclerosis, muscular injury, skeletal damage) (Feldman et al., 2019), as well as psychological health conditions (e.g., depression) (Michalak et al., 2009). Typically, a walking speed in the range of 1.2 to 1.4 m/s is considered “normal.” Speeds above this range are categorized as “fast,” with a maximum speed between 2.0 and 2.3 m/s, while speeds below 1.0 m/s are classified as “slow,” often observed in older adults or individuals with specific pathologies (Bohannon, 1997). In addition to speed, locomotor trajectories are also classically studied through factors such as for instance the kinematics of the lower limbs (Patla and Rietdyk, 1993; Austin et al., 1999; Fink et al., 2007; Van Opstal et al., 2022), kinetic energy (Bertram, 2005; Emken et al., 2007; Selinger et al., 2015), or spatio-temporal walking parameters (Lee and Lishman, 1977; Ondrej et al., 2010; Olivier et al., 2012), as well as their variation with environmental (obstacles, luminosity) (Patla and Rietdyk, 1993; Austin et al., 1999; Fajen and Warren, 2003), psychological (depression, chronic fatigue) (Michalak et al., 2009; Feldman et al., 2019) and physical (injury, aging) factors (Said et al., 2001; Grinberg et al., 2022). Specific metrics such as the distance covered and its associated travel time, step frequency and length, speed changes (acceleration, deceleration), or trajectory radius of curvature have often been used, but always in the laboratory or outdoor, and have never been documented indoor. The first goal of this study was therefore to provide information on walking at home through the study of locomotor trajectories performed inside an apartment.


2.1 Visually negotiating indoor obstacles

An essential constraint that significantly influences our walking behavior at home is the presence of obstacles, such as low- and high-level tables, chairs of various sizes, floor lamps, and the couch in our living room. These obstacles impose significant spatial limitations on our walking patterns, resulting in non-linear trajectories (e.g., curvilinear paths) that require visuo-locomotor adaptations (Emken et al., 2007). These curvilinear locomotor trajectories are accentuated by the type of obstacle encountered (e.g., mobile or stationary) (Silva et al., 2018). They create substantial demands on the locomotor system and its gait optimization mechanisms (Bertram, 2005; Glaister et al., 2007; Selinger et al., 2015), aiming to minimize gait disturbances (e.g., slipping, falling, colliding with chairs) (Yamaguchi et al., 2018) while enabling the achievement of locomotor goals (e.g., moving from one room to another).

Curvilinear paths reduce our walking speed as obstacles are approached to avoid the risk of collision (Silva et al., 2018), exponentially so with decreasing distance from the obstacle (Fajen and Warren, 2003). Tangential velocity is often correlated with the radius of curvature (Hicheur et al., 2004, 2007), and goal-directed curved walking implies fine motor control according to the principles of optimality and maximization of trajectory smoothness (Fajen and Warren, 2003).

To gain a comprehensive understanding of the locomotor behavior of individuals in their home environment, it is therefore essential to investigate how they navigate in the presence of obstacles along their intended path toward a goal. Previous research (Fajen and Warren, 2003; Peyer et al., 2017) suggests that obstacles encountered during walking can be regarded as repellers that need to be avoided, while goals (such as reaching the refrigerator or the door) act as attractors influencing locomotor dynamics. The interplay between locomotor attractors and repellers significantly influences the trajectories of our walking movements at home, and this aspect requires further investigation. Addressing this gap constituted the second objective of our study.



2.2 Comfort and discomfort during home walking

Research on embodied cognition (Troje, 2002), affordances (Cornus et al., 1999), and emotions (Montepare et al., 1987; Michalak et al., 2009; Barliya et al., 2013) have consistently demonstrated over the past three decades the intricate connection between our cognitive and social functions and our daily movements. Body movements contain rich personalized information (Troje, 2002; Chen and Shen, 2017), with each person exhibiting unique physical expressions in their movement patterns (Emken et al., 2007). These movements reflect how individuals interact with their natural, technological, or social environments (Cutting and Kozlowski, 1977; Losing and Hasenjäger, 2022), revealing both physical and psychological attitudes or affordances (Montepare et al., 1987). Walking, in particular, plays a significant role in these embodied manifestations, conveying distinctive information about gender through hip rotation in the fronto-parietal plane, degree of lateral body sway, hip to shoulder width ratio, and elbow position (Bohannon, 1997; Feldman et al., 2019); personality through gait speed and its consistency over time (Stephan et al., 2017); emotion through arm amplitude, stride length, or walking speed (Montepare et al., 1987); and mood through gait patterns, head movement, or lateral body sway (Michalak et al., 2009).

Some of these attributes, such as mood, emotion, and personality, can be categorized under the broader concept of wellbeing. Wellbeing is a complex and multidisciplinary concept (Keyes et al., 2002), encompassing psychological, physical, and socio-environmental dimensions (World Health Organization, 1946; Feldman, 2006). For example, Keyes et al. have established a correlation between wellbeing and personality traits, demonstrating that subjective wellbeing (SWB) and psychological wellbeing (PWB) are higher among individuals with high levels of extraversion, conscientiousness, and openness to experience, as well as lower levels of neuroticism (Keyes et al., 2002). In this study, we define wellbeing as the absence of psychological and physical discomfort. Assessing wellbeing necessitates observing its variations over a certain period rather than relying solely on strict measurements at a specific moment, such as through questionnaires like the Well-Being Manifestation Measure Scale (WBMMS), as the subjective perception of personal wellbeing depends on individual objectives. Environmental comfort can be manipulated to evaluate wellbeing. Previous research has documented the influence of comfort, particularly architectural comfort, on wellbeing (Serfaty-Garzon, 2003; Lavoye and Thellier, 2008; Roussel, 2017). This encompasses factors such as acoustic comfort (noise), olfactory comfort, lighting comfort, and thermal comfort (Choi et al., 2015). A third objective of this study was to assess the impact of environmental comfort on indoor walking dynamics. We specifically focused on noise (including the concept of noise scale, e.g., Moreau, 2001) as a disturbance to personal wellbeing. Variation in acoustic comfort parameters is prevalent in our homes, especially for those residing in busy city centers. Moreover, it is a parameter that can be easily controlled experimentally.

The aforementioned objectives, which aim to better understand how we walk at home by quantifying locomotor metrics and assessing the influence of obstacles and acoustic discomfort on our walking trajectories, were evaluated through an experiment conducted in a furnished apartment.




3 Materials and methods


3.1 Participants

Twenty adults, including 9 women [mean age = 31.75, standard deviation (SD) = 11.94, median = 27.00], were recruited mainly through the authors' network in Montpellier to participate in our study on a voluntary basis. No financial or material compensation was provided to the participants. They self-reported having no psychomotor pathologies. To ensure safety during the COVID-19 pandemic, both participants and experimenters adhered to protective measures that were defined and implemented prior to the experiment. All participants were provided with detailed information about the study through an information letter and provided written informed consent. Additionally, they were required to complete and sign a non-disclosure agreement, which aimed to safeguard the project's experimental location.

Before and after the experiment, participants were asked to complete the original French version of the “Well-Being Manifestation Measure Scale” (WBMMS), a questionnaire consisting of 25 items that assess personal psychological dimensions such as self-esteem, equilibrium, social engagement, sociability, self-control, and happiness (Massé et al., 1998a,b).

The research protocol received approval from the Institutional Review Board of the EuroMov Digital Health in Motion research unit at the University of Montpellier, France (Protocol No. IRB-EM: 2004B). The study was conducted in accordance with the principles outlined in the 1964 Helsinki declaration and its subsequent amendments.



3.2 Experimental setup

The experiment was conducted over a 2-week period during the summer of 2020 in the observatory apartment established by the Human at Home project (HUT), the overarching interdisciplinary project in which our study was conducted.1 The apartment, located in the center of Montpellier, France, was vacant at the time, providing the opportunity for us to set up the area of interest, specifically the open kitchen-living room area, with a full Qualisys motion capture system. This system consisted of 10 Qualisys infrared cameras of the Miqus M3 type2, which enabled the capture of participants' body kinematics at a sampling frequency of 100 Hz. Four retroreflective markers were placed on the participants' hips (HipFR, HipFL, HipBR, and HipBL) to track their movements. Additional markers were placed on the head and on the caudal part of the body, defined by the transverse plane, to ensure continuity of data capture and processing, as well as to track the skeleton in cases where the main markers of interest were no longer visible to the cameras (e.g., feet markers).

The two obstacles on the participants' walking path were also identified and located using eight retroreflective markers (four for each obstacle) visible to the infrared cameras. Markers not visible to the participants were utilized to maintain the precise spatial location of the obstacles. The Qualisys camera system was calibrated twice daily by the researcher to ensure the quality of data acquisition throughout the experiment.

Additionally, a sound system comprising a speaker was installed in the apartment, specifically positioned in front of one of the obstacles. This sound system was utilized only during one of the experimental conditions (condition 3). The intensity of the emitted sound was measured each morning using a Sauter SW 1000/SW 2000 sound level meter (version 1.1, 01/2018 EN), allowing the measurement of the acoustic environment in dB(A). Therefore, the initial acoustic environment of the apartment was measured daily before the participants' arrival. Furthermore, the researcher ensured daily that the emitted sounds did not exceed the threshold value of 80 dB(A) (directive n°2003/10/CE).3



3.3 Experimental protocol

The participants were provided with general information about the experiment before it begun. They were informed about the research objective, which was to understand human locomotor behaviors at home by studying their movements and adaptations when encountering obstacles. Upon arrival, they were required to disinfect their hands using soap and hand sanitizer. Throughout the entire experiment, all individuals present in the apartment, including the experiment team and participants, wore surgical masks to control and limit the spread of COVID-19. After giving their written consent, participants were asked to complete the WBMMS survey on wellbeing. They were then equipped with the markers.

The experiment consisted of three experimental conditions, following a brief familiarization phase of 3 min with the indoor setup and equipment. During this phase, participants were positioned at the center of the experimental space to ensure visibility by all cameras. They were then instructed to walk in place for 10 s. This step allowed for optimal capture of walking data and facilitated the subsequent implementation of the Automatic Identification of Markers (AIM) technique. For each condition, they were required to perform 30 round trips, approximately 15 min of walking, in the experimental area following a predetermined curvilinear trajectory that included two furniture-type obstacles: the dinner table and the coffee table.

The first condition involved a natural walking situation. Participants performed the 30 repetitions at their spontaneous walking speed, following the predefined trajectory from the corridor to the terrace and then from the terrace to the corridor (Figure 1, condition 1). The gait observed during this step was considered as the baseline locomotor pattern for each participant.


[image: Figure 1]
FIGURE 1
 Curvilinear trajectories observed during the forward and return walking phases in the three conditions: (C1) natural walking condition, (C2) visual disturbance condition in which the coffee table was displaced by 20 cm, simulating the unexpected presence of an obstacle on the original trajectory, and (C3) auditory disturbance condition created by adding white noise [76 dB (A)] emitted from a loudspeaker. WBMMS refers to the wellbeing survey of 25 items which measure self-esteem, equilibrium, social engagement, sociability, self-control, and happiness.


The second condition introduced a visual locomotor disturbance. One of the two obstacles (the coffee table) was moved 20 cm out of sight from the participants in their corridor initial position (Figure 1, condition 2). They repeated the same exercise under similar conditions (30 repetitions, 15 min, spontaneous pace). At the end of this condition, the displaced obstacle was returned to its original location.

The third condition involved a disturbance in acoustic comfort. The acoustic environment was modified by adding a physical noise level ranging from 70 to 80 dB(A) with a frequency band of 125–4,000 Hz (Moreau, 2001). These parameters were selected to simulate annoying and tiring noises commonly encountered in daily life, such as traffic noise, vacuum cleaner noise, or dog barking. For this study, household noise recordings (e.g., vacuum cleaner noise) were superimposed. Participants repeated the same exercise under this acoustic perturbation. Once the 30 round trips were completed, the acoustic comfort condition was reset.

Condition 1 was always performed first and served as the control condition, while the order of conditions 2 and 3 was counterbalanced between participants to minimize experimental bias.

After completing all three conditions, participants were once again asked to complete the wellbeing survey (WBMMS), which was initially administered at the beginning of the experiment. This allowed for a comparison of the participants' wellbeing before and after the experiment.



3.4 Data processing
 
3.4.1 Preliminary data processing

Statistical power analysis using G*Power software (3.1.9.2) allowed us to define a sample size necessary to detect a significant effect equal to 20 participants (N = 20). The reference criteria chosen followed the suggestions of Cohen (1988) and Faul et al. (2007), including (i) an effect size d = 0.8, (ii) a risk α = 0.05, and (iii) a power 1-β = 0.95.

The collected data were anonymized, stored, and then visualized using Qualisys Track Manager 2021.2 (QTM) software. With the Center of Masses (CM) identified as the spatial landmark of interest, the four hip markers (HipFR, HipFL, HipBR, HipBL) were manually identified from the QTM interface.

The manually processed data were then exported in “.mat” format for automatic processing with Matlab R2021b numerical computation and programming software.



3.4.2 Data processing algorithm
 
3.4.2.1 Spatial reconstruction of the experimental zone

The first step was to reconstruct the spatial plan of the experimental zone. Four cardinal points were recorded for each of the two obstacles through their IR markers (Figure 2). The dining table, a tall and imposing round table (RT), remained stationary at a height of 715 mm. The coffee table, a square one (ST), stood at a height of 400 mm and could occasionally be displaced (condition 2) within the plane, shifting 20 cm along the Y-axis. Points RT02 and ST01 were then used to calculate the distance between the trajectories and the obstacle.


[image: Figure 2]
FIGURE 2
 Static graph of the apartment. Markers on the round dining table (RT) and the square coffee table (ST) are marked in green and blue, respectively. The loudspeaker (bottom light blue arrow) was located opposite to the large table. Entrance (top) and terrace (right) doorways are marked in purple. Points RT02 and ST01 served to calculate distances from obstacles to walking trajectory.




3.4.2.2 Filling missing data

The spatial constraints of the apartment led to some visual loss of markers by the Qualisys cameras. This is a common problem in Motion Capture (MoCap) experiments because of marker's occlusion by the environment or the participant's movements. As the hip can be considered as a solid, i.e., non-deformable body, we applied the method described by Janaqi et al. (2022). We filled the missing data on frames showing at least two visible markers. This allowed us to recover up to 80% of the data, and to calculate the projection onto the floor plane of the hip center of mass (CoM) (Tesio and Rota, 2019).



3.4.2.3 Metrics of interest
 
3.4.2.3.1 Trajectories

Let the floor coordinates of a frame of hip CoM be [x(t), y(t)]. A trajectory is the chain of [x(t), y(t)] for t = 1, …, T. A simple detection of movement direction allowed to distinguish between forward trajectories– from corridor to terrace—and return trajectories—from terrace to corridor.

This distinction is necessary in the following analysis, not only to distinguish between forward and return trajectories, but also to discriminate first and second obstacles on those trajectories.

The exact location of the obstacles being known (Figure 2), we were able to determine the number of trajectories that did not comply with the original instructions. Indeed, we occasionally observed (only in Condition 2 in which the small table was displaced) in some trials participants who did not walk around the obstacle (Figure 3) but linearly “cut the trajectory” on the other side of the coffee table. Those trials were marked and analyzed separately.


[image: Figure 3]
FIGURE 3
 Representative trajectories in the apartment (example of participant 8). Forward and return trajectories are distinguished for each condition (C1, control; C2, obstacle displacement; C3, unpleasant noise through speaker). In some cases, C2 led to non-compliance with the walking instruction, as participants walked around the wrong side of the small table.




3.4.2.3.2 Trajectory variability tubes

Next, we evaluated the inter-trial trajectory variability. During the experiment, 1,800 × 2 (forward and returns) = 3,600 trajectories were performed. However, we had to exclude 941 of these trajectories due to the loss of markers observed in the following circumstances: masking by obstacles or body parts, high indoor luminosity, detachment of markers, interference due to light reflection. These trajectories were removed, principally in condition 2 (obstacle disturbance) for participants 6, 7, 13, and 15. Some trajectories for participant 13 in condition 3 were also lost. The resulting set of forward and return trajectories for each participant formed a tube with an average of 23 curves for each set. We calculated the resulting width of the tube for each direction (forward, return) in each condition, through its mean and standard deviation at the meridian to each obstacle, as well as its evolution over the trajectory (see Figure 4).


[image: Figure 4]
FIGURE 4
 Representation of the trajectory variability tube. Left: A set of representative trajectories forming the variability tube for one participant in forward (dark blue) and return (green) directions. Right: Evolution of the tube width in millimeters over the trajectory (expressed in Curve Length Percentage) for the two directions. Locations of the repellers (tables and sound) are indicated by vertical bars.




3.4.2.3.3 Walking speed and distance to obstacles

For each trajectory we calculated the walking speed [image: image], distribution profile, mean and standard deviation. We also calculated the distance between the trajectory and each obstacle. The distance was measured at the meridian points of the two obstacles, RT02 and ST01 (Figure 2). In order to evaluate the evolution of these distances through the 30 trials, we fitted a linear regression model onto the relationship between distance and trials, and obtained the slope and regression coefficient for each participant, each condition and each walking direction. This information enabled us to assess the overall change over repetitions of the distance ratio (Figure 5).


[image: Figure 5]
FIGURE 5
 Evolution of the distance to the two obstacles (RT and ST) over the course of 30 trials, in both directions, for one representative participant. In this specific example, the distance to obstacles decreased with repetitions (slopes −1.44 and −5.56) for forward trajectories, not for return trajectories.




3.4.2.4 Wellbeing score

Each of the 20 participants completed the WBMMS questionnaire twice: once before the experiment, and once after. The 25-item version of the questionnaire, typically used in epidemiological studies, was chosen over the 47-item version. The scores obtained from the questionnaire were calculated following recommendations of Massé et al. (1998a,b) on the initial factors of wellbeing: (i) self-esteem, (ii) balance, (iii) social commitment, (iv) sociability, (v) self-control, (vi) happiness. Each of these initial factors scored a total of 20 points, except for the happiness category, which scored 25 points. Thus, overall wellbeing was characterized by a maximum score of 125 points.







4 Results and discussion


4.1 Estimation of punctual wellbeing

Participants obtained an average general wellbeing score of 95 points and 98 points before and after the experiment, respectively. A MANOVA performed on the 6 initial factors highlighted a significant variation in the sense of wellbeing, F(1, 38) = 369.466, p < 0.001, characterized by an increase in self-esteem, balance, social engagement and happiness, accompanied by a decrease in sociability and self-control (all ps < 0.05) (Figure 6). The experiment thus induced a significant disruption in general wellbeing, primarily through the social factors.


[image: Figure 6]
FIGURE 6
 WellBeing Manifestations Measure Scale (WBMMS) scores before and after the experiment. The general wellbeing score and the scores for each initial factor are shown. Pre-post differences are significant for the 6 initial factors (all p < 0.001).


These results are surprising when we consider that the primary aim of noise disturbance was to reduce indoor comfort and, potentially leading to a decrease in overall wellbeing. However, they remain consistent. The initial decrease in social factors aligns with behaviors observed during noise exposure at around 80 dB(A), such as decreased solidarity and increased aggressive behavior (Timm et al., 2014). The increase in overall wellbeing, especially in terms of happiness, can be attributed to experimental factors, including the characteristics of the chosen noise nuisance (everyday, voluntary, repetitive, and often self-initiated), and the duration of exposure (approximately 10 min), which made the noise less aggressive, aversive and disturbing due to adaptation (Nelson and Meyvis, 2008).



4.2 Walking speed

In order to study participants' locomotor behavior during our home walking task, we first observed their walking speed (mean and variability), the classic metric of locomotor efficiency. As research has shown a decrease in walking speed with negative psychological states (i.e., depression or mood disorder; Troje, 2002), we hypothesized that condition 3 would induce a significant decrease in walking speed at home.

The mean velocity represents the average velocity across all trials, conditions and participants. Speed variability (Standard Deviation, SD) was calculated for each participant in each condition. The overall averaged speed in this experiment was 1.076 m/s, which is consistent with data classically found in the literature (Winter, 2009). No significant difference between conditions were found (p > 0.05). In addition, we adjusted a linear regression on the velocity vs. trial data to search for a continuous change in walking velocity over repetitions, and performed a complementary ANOVA on the (Z-transformed) R2 values of the regressions (with conditions and directions as factors). We did not find any significant effect. However, walking speed variability showed significantly lower variability in the noise discomfort condition (C3) (mean = 0.027m/s, SD = 0.009), compared to conditions C1 (mean = 0.034m/s, SD = 0.012) and C2 (mean = 0.031m/s, SD = 0.014), F(2, 106) = 3.110, p = 0.049, confirming an effect of conditions on speed. Here we can assume that the sound disturbance required a higher cognitive and visual control of the trajectories, thereby homogenizing some behavioral metrics including speed variability.



4.3 Obstacle clearance distance

The clearance distance to the obstacles at points RT02 and ST01 was calculated (see Figure 2 for point references). The RoundTable (RT) was an oval dining table, 715 mm high (at hip level), heavy and difficult to move. The Squared Table (ST) was a square, 400 mm high (at shin level), lightweight coffee table, with four corners presenting potential collision hazards.

We conducted a three-way ANOVA (conditions × direction × order) on the average clearance distance. First, this ANOVA revealed an effect of conditions, F(2, 223) = 36.927, p < 0.001, showing a higher clearance distance during condition 2 (mean = 0.780 m) compared to condition 1 (mean = 0.685 m) and condition 3 (mean = 0.679 m). Second, the walking direction impacted clearance distance, with shorter distances during the return phase (mean = 0.728 m) than during the forward phase (mean = 0.702 m), F(1, 223) = 5.416, p = 0.021. Interestingly, a direction × order interaction was found, F(1, 223) = 323.315, p < 0.001, showing (Figure 7A) an opposite trend between forward and return directions, depending on which obstacle came first. For forward trajectories, the first obstacle (RT) induced larger clearance distances, but for return trajectories, the second obstacle (also RT) induced larger distances. This interaction clearly signifies that the large round dining table, through its volume, height, and/or weight, imposed a more secured trajectory with less risk of collision than the small, square, and light coffee table, in line with existing research (Austin et al., 1999; Fink et al., 2007; Michalak et al., 2009). Finally, this interaction was also modulated by the walking conditions, F(2, 223) = 24.089, p < 0.001, showing that Condition 2 (see Figure 7B), in which ST was displaced without the explicit knowledge of the participants, created a large increase in clearance distance [post-hoc C1-C2 (mean difference = -0.098m), C2-C3 (mean difference = 0.104 m), test pBonferroni for all ps < 0.001].
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FIGURE 7
 Visualization of the direction x order interaction (A) and of the conditions x direction x order (B) on Clearance distance Dmean. (A) Simple interaction: Influence of obstacle order on clearance distance. RT is the first obstacle to clear on the forward direction, but the second on the return direction, and vice versa for ST. (B) Double interaction: In the first box (Order 1), the upper white line represents the distance to RT, and the lower black line represents the distance to ST. In the second box (Order 2), the white line represents the distance to ST, and the black line represents the distance to RT. For further details, refer to the text.


These results demonstrate a modulation of our participants' gait both along their trajectories and across repetitions. Some obstacles, particularly RT, appeared to be perceived as more dangerous, requiring a greater clearance distance. On the other hand, moving ST in condition 2 seems to have altered the affordance associated with this obstacle, also leading to an increased clearance distance. This aligns with the ecological approach to perception (Gibson and Crooks, 1938) and reflects the principles of affordances developed by Gibson (Gibson, 1977; Reed, 1988). The differences in obstacle properties and their order on the trajectory seem to create unique affordances, influencing individuals to adapt their walking behavior accordingly.



4.4 Adaptation over time

Our interior space, which has restrictions due to its furnishings, imposes spatial constraints that are rarely altered over time, as furniture such as dining tables, sofas, and worktops are seldom moved. Consequently, we follow repetitive trajectories on a daily basis, and the temporal evolution of walking metrics, such as clearance distance, could reveal locomotor adaptations at home, enhancing our understanding of mediated human-environment interactions. In this section, we give a closer look to two of these metrics, the change in clearance distance of repetitions, and the trajectory variability.


4.4.1 Changes in clearance distance

As mentioned in the Section 3 (Figure 5), a linear regression model was fitted to the Clearance distance vs. Trial data for each participant, direction and condition. Figure 8 below represents the cummulated occurrence frequency (between 0 and 1) of all regression slopes (both negative and positive), for the two obstacle orders (first, second) and the two directions (forward, return). Overall, the slope of the regression was negative (mean = −0.031, SD = 0.07), indicating a general gradual decrease over time in the distance to the obstacle, with however important differences between direction and order. For instance, 69.16% of slopes were negative for the first obstacle (mean = −0.04, SD = 0.077), but only 65% for the second obstacle (mean = −0.022, SD 0.06), independently of obstacle size, and this difference was significant, F(1, 227) = 4.124, p = 0.043. In addition, the adaptation over trials was greater for the forward phase (mean = −0.04, SD = 0.07) than for the return phase (mean = −0.022, SD = 0.069), F(1, 227) = 4.364, p = 0.043. Together, these results suggest a more effective visual regulation in obstacle avoidance during forward trajectories and with the first obstacle, supporting the idea of greater perceptual control in those conditions.4


[image: Figure 8]
FIGURE 8
 Cumulated frequency occurrence of Distance × Trial regression slope values. Conditions are represented by colors (C1 in red, C2 in blue, C3 in black) and order obstacle by lines (first obstacle: full line, second obstacle: discontinuous line). The x-axis represents the slope of the Distance-Trial regression. The y-axis is the cumulative frequency of observations of the slope values, between 0 and 1.




4.4.2 Trajectory variability tubes

By projecting the trajectories onto a 2D plane of the apartment, we were able to determine the average trajectory followed by the participants and its dispersion—represented as the variability tube—for each direction and condition (see Section 3, Figure 4). The total path was divided into frequency intervals (FI) of 0.05 to analyze not only the width of the tube at the meridian of the obstacle, but also its evolution during curvilinear forward and return walking under each condition. To achieve this, we calculated the derivative of our “Tube Width” for each interval and determined the median sign of that derivative in each FI. A positive sign indicates an increase in the width of the variability tube, while a negative sign indicates a decrease in the width of the variability tube, suggesting reduced variability during passage and thus better locomotor control. Obstacle 1 (O1) was located at FI0.3 and obstacle 2 (O2) was located at FI0.7.

First, the analysis of the tube widths revealed similar variability of the trajectories' tube at the obstacle meridians for the two obstacles (meanRT = 160.48mm, SD = 51.67; meanST = 162.44mm, SD = 51.38). A significant effect of the walking direction was found, F(1, 223) = 9.227, p = 0.003, indicating that the return variability tube (mean = 153.46mm) was smaller than the forward variability tube (mean = 176.10mm).

Second, the analysis of the tube width derivative (Figure 9) reveals clearly visible local minima at the location of the first obstacle, both in the forward phase (for RT) and in the return phase (for ST), testifying to the signature of visuo-locomotor regulation, during table approach (Fajen, 2021). As shown in complex visuo-motor skills (e.g., Bardy and Laurent, 1998), a decrease in inter-trial variability when approaching an obstacle is a sign of a perceptual regulation witnessing a strong coupling with the environment. Secondly, these local minima are also present at or near the second obstacle in five of the six conditions shown in Figure 9, suggesting that a similar pattern of regulation is occurring, albeit on a more modest scale.


[image: Figure 9]
FIGURE 9
 Evolution of the sign of the variability tube derivative by condition and direction. The evolution of the derivative's sign is represented in the form of an evolutive cascade of positive and negative derivatives. The y-axis tracks the Cumulative Signed Score for Tube Width Derivative for each 0.05 interval (CSSTWD). The location of round table RT and square table ST on the trajectories are represented by blue and gray bars respectively. Positive derivative signs are identified by dark blue rectangles and represent an increase in inter-trial trajectory variability, i.e., the variability tube. Gray rectangles, symbols of negative derivative signs, represent a decrease in the variability tube, and therefore a signature of a visuo-motor regulation in the walking pattern, visible at or just before each obstacle.





4.5 Special case: non-compliance with obstacle clearance instructions

The reconstruction and visualization of the trajectories quickly revealed occasional errors in task execution (Section 3.4.2.3.1). We isolated those trajectories that did not comply with the instructions. It was immediately apparent that this change in trajectory only occurred during the unexpected obstacle displacement condition (C2). The purpose of moving the obstacle 20 cm along the Y axis was to impose spatial constraints that accentuated the curvature of the initial trajectory. Only the small table was found to induce this misalignment in some participants (n = 6), more frequently for forward trajectories than for return trajectories. Participants instinctively passed by the wrong side of the small table, more often when it was the second obstacle compared to when it was the first obstacle. This behavior may be linked to perception and spontaneous energy saving (Bertram, 2005; Ondrej et al., 2010; Selinger et al., 2015).




5 General discussion and conclusion

Successive lockdown situations have highlighted the need to better understand how we behave at home. Walking is a complex locomotor activity, involving several sub-systems (the motor system, the perceptual system, the cognitive system), and can provide valuable information about our psychological and physical state (Troje, 2002; Delafontaine, 2018). The goal of the present study was to investigate our daily locomotor behavior at home in the presence of obstacles, to better understand the mediated interactions between individuals and interior architecture.

Our research highlights several important findings. First, our curvilinear locomotor trajectories passed closer to large obstacles (RT) than to small obstacles (ST). Second, this clearing distance was not fixed but diminished with repetitions, showing that over time we tend to walk closer to obstacles around us. This trend was not due to changes in walking velocity, which remained unchanged over repetitions. Third, this adaptation was more salient with the first obstacle individuals encountered compared to the second, for both the forward and return phases, regardless of the obstacle size. Fourth, trajectories were more similar to each other during the return phase than during the forward phase. Fifth, these adaptations were clearly the result of an active perceptual regulation, as evidenced by the reduced trajectory variability at or just before the location of the obstacles. All the results above were obtained in the three tested conditions, which did not differ significantly from each other, except in C2, where displacing the small table created a larger clearance distance.


5.1 Clearing home obstacles

Our home is filled with various obstacles, such as large and small furniture with different shapes like round or rectangular. The arrangement of these obstacles usually does not change much, leading to repetitive, mostly curvilinear, paths when moving around the house. However, slight variations may occur, such as moving a lightweight piece of furniture. The characteristics of these obstacles naturally affect how we control our gait around them (Patla and Rietdyk, 1993; Austin et al., 1999; Zhao and Warren, 2015), in our case a large table requires more space to pass by compared to a small one. When we encounter a small obstacle that has been unexpectedly displaced, it disrupts our typical locomotor pattern by forcing us to take more winding paths, leading to larger clearance distances. This is because the angle of the small table makes it more repellent, requiring us to walk around it with more distance (Fajen and Warren, 2003). In our daily life, the arrangement and characteristics of furniture change their affordances and therefore influence how we walk. If we strategically place large tables in areas with fewer obstacles, it would reduce the need for winding paths. Consequently, obstacles would be less bothersome, allowing for closer and more controlled movement and reducing the risk of collisions inside the house (Fajen and Warren, 2003). In essence, designing large tables in this way would make navigation within our living spaces easier.



5.2 Differential adaptation

In the context of walking at home, navigating through curvilinear paths obstructed by multiple obstacles requires continuous adaptation, which is regulated by the perceptual information picked up in the surroundings (Gibson and Crooks, 1938; Zhao and Warren, 2015). A decrease in distance to the obstacle with each attempt indicates a temporal locomotor adaptation, which is a sign of locomotor learning. In our study, the adaptive behavior was influenced by the order of the obstacles, where the first obstacle on the trajectory led to a greater reduction in clearance distance compared to the second-order obstacle located farther away. Additionally, the direction of walking also played a role, as forward phases facilitated better temporal adaptation than return phase. These findings highlight the continuous temporal learning process, where online visual regulation based on local information in the vicinity and the direction of travel contributes to obstacle avoidance. This dynamic perceptual-motor evidence aligns with the proposal by Fajen and Warren (2003) and Fink et al. (2007). Here, analyzing the temporal evolution of clearance distance to the obstacle could serve as an additional metric to evaluate the interaction between individuals and obstacles, complementing the angle and initial distance to the obstacle (Fajen and Warren, 2003; Fink et al., 2007). Similar locomotor behavior, especially concerning mean speed (except for its variability, which varies significantly under different conditions), and for the trajectory variability tube, was observed in the lab (Pham et al., 2011). These data are also overall compatible with Patla et al.'s model of general trajectory planning regulated by cognitive and perceptual processes (Patla and Rietdyk, 1993). The width of the trajectory variability tube calculated around the obstacles indicates significantly reduced variability during return phases, indicating better direction-dependent locomotor control. These results highlight the strong connection between the environment and human behavior. The affordance of the obstacles on the trajectories guides participants to optimize their movements, reducing the risk of collisions and conserving energy. Differences in locomotor behavior concerning the two obstacles underscore the impact of everyday object affordances on walking in a cluttered indoor environment, providing unique potential for action (Gibson, 1977).



5.3 Active visual regulation

Walking at home involves continuous and active visual-perceptual regulation and is shown to be subject to ongoing adjustments. The strategies used to avoid obstacles demonstrate a flexible and efficient behavior. The fluctuation in the width of the locomotor trajectory tube during walking confirms the adaptability of the trajectory and reactive locomotor control. This is evident through the anticipation of obstacles, indicated by a continuous decrease in the width of the variability tube as the obstacle is approached, reaching a minimum when the obstacle is crossed, or shortly before it. This pattern of trajectory variability resembles the anticipatory locomotor adjustments described by Gérin-Lajoie et al. (2005). They divided obstacle clearance into two phases: the anticipation phase before obstacle clearance and the deletion phase during obstacle crossing. The analysis of the evolution of the variability tube derivative, considering different conditions and directions, clearly demonstrates the presence of anticipatory behavior up to the first obstacle crossing in five out of the six cases studied. The transition phase between the two obstacles also shows a redundancy in locomotor flexibility, characterized by an increase in the width of the variability tube during the passage. Passing the second obstacle shows a similar behavior, with variations in tube width appearing to be temporally shorter. This analysis, along with previous studies, reveals real-time regulation of walking to avoid obstacles, utilizing temporal learning and optimizing clearance distance. Additionally, passage planning with obstacle anticipation is evident, involving a reduction in the width of the trajectory tube to avoid obstacles and ensure safety. These metrics, which have received limited attention in previous research, provide critical information on how individuals negotiate obstacles and should be considered alongside conventional metrics like speed or trajectory adjustments (Gérin-Lajoie et al., 2005).



5.4 Limits contributions

With the exception of the clearance distance of the ST obstacle in C2 and the speed variability for C3, our experimental disturbance conditions (C2, C3) did not significantly affect our metrics. Similarly, the wellbeing questionnaire did not provide precise indications of the impact of our sound disturbance condition. The WBMMS surveys were conducted only at the beginning and end of the experiment, so we couldn't directly establish the effect of the acoustic disturbance condition on the participants' psychological state and specifically correlate them with the manipulated condition-type factors. This lack of effect may be attributed to the characteristics of the sound we used. We selected a common noise that we often initiate ourselves in daily life. Since voluntary noises are generally perceived more positively, their impact on individuals might be reduced (Timm et al., 2014). Additionally, the duration of sound exposure (continuous for 10 min) may have lessened aversion to the initiated noise (Nelson and Meyvis, 2008). To further investigate this issue, a complementary study could be conducted, focusing on testing condition 3 with less common and more aversive external noises, such as construction noise, car horns, or aircraft noise. These types of noises are commonly associated with real disturbances that often induce irritation, stress, inattention, or anxiety (Tesio and Rota, 2019). Previous studies by Michalak et al. (2009), which examined locomotor behavior based on mood (sad or happy), showed a significant decrease in mean walking speed during sad moods compared to happy moods. It would be interesting to replicate these findings in an indoor environment, considering that speed variability was not extensively explored during sad moods. We speculate that the sound disturbance, though not potent enough to induce a noticeable reduction in the perceived wellbeing according to the questionnaire responses, might still impact the regulation of walking speed in individuals and reduce their flexibility. Further research would be needed to confirm the influence of mood and noise disturbance on walking speed variability.

Additionally, the results of our wellbeing questionnaire are not straightforward. Some metrics, such as self-esteem, mental balance, social involvement, and happiness, increased during the experiment, while others, like self-control and sociability, decreased. These contradictory findings should be interpreted with caution, especially considering that the experiment took place in the midst of the COVID-19 pandemic, which brought about challenging and sometimes conflicting implications concerning social demands and psychological wellbeing.



5.5 Consequences for a safe mediated human architecture interaction

The pursuit of improved comfort in living environments has led to a diverse range of architectural styles and interior designs (Wu, 2022). Presently, optimizing interior spaces, including comfort, lighting, aesthetics, and layout, has become a significant research focus, necessitating a human-centric approach. To design better living spaces, in line with an adaptable and automated architecture, it is essential to comprehend how individuals live and interact within their interior environments. Our research investigated human locomotor trajectories in an equipped home environment naturally cluttered with obstacles. The findings revealed the influence of obstacle properties on indoor walking, notably the clearance distance being correlated with the size of the objects and inversely correlated with the radius of curvature and return phases. The process of learning and optimization was observed in obstacle clearance, leading to a progressive reduction in the distance to the obstacle with repeated passages. While approaching an obstacle, fine locomotor control was evident, transitioning to greater locomotor flexibility during obstacle clearance. These results enhance our understanding of the relationship between people and indoor obstacles, shed light on how individuals navigate within their living spaces, and provide insights into the perceptual and cognitive strategies employed.

Ultimately, this knowledge can be employed to place inhabitants at the center of design strategies, optimizing living spaces that promote locomotor flexibility, reduce energy costs (Ralston, 1958), and reduce the cognitive load associated with walking regulation. For example, for taller furniture, it may be recommended to use peripheral placement to save space and maintain a more substantial walking area. This approach would also minimize spatial constraints caused by multiple obstacles in a path and encourage linear trajectories, reducing the need for curvilinear paths with smaller radii.

In conclusion, walking at home in a confined and cluttered space, where natural obstacles need to be negotiated daily, is a flexible behavior that requires continuous perceptual adaptations. External disturbances, such as moving furniture or noise pollution, can influence indoor walking, demanding locomotor control that maximizes trajectory regularity (Hicheur et al., 2007; Pham et al., 2011). These findings contribute to our understanding of indoor walking, specifically within home environments under natural conditions. They may in the long term further our knowledge of the connection between physical and mental health and natural walking patterns, which can be significant during periods of confinement, such as pandemics. This research may also have applications in retirement homes and for people under house arrest. Additionally, these results may have consequences for better considering interactions between individuals and architecture.
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4 We also conducted an ANOVA on the (Z-transformed) R2 values, which did not reveal any significant effect for individual factors or interactions.
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