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ABSTRACT

We introduce a footstep-induced floor vibration sensing system that

enables us to quantify the gait pattern of individuals with Muscular

Dystrophy (MD) in non-clinical settings. MD is a neuromuscular

disorder causing progressive loss of muscle, which leads to symp-

toms in gait patterns such as toe-walking, frequent falls, balance

difficulty, etc. Existing systems that are used for progressive track-

ing include pressure mats, wearable devices, or direct observation

by healthcare professionals. However, they are limited by oper-

ational requirements including dense deployment, users’ device

carrying, special training, etc. To overcome these limitations, we

introduce a new approach that senses floor vibrations induced by

human footsteps. Gait symptoms in these footsteps are reflected by

the vibration signals, which enables monitoring of gait health for in-

dividuals with MD. Our approach is non-intrusive, unrestricted by

line-of-sight, and thus suitable for in-home deployment. To develop

our approach, we characterize the gait pattern of individuals with

MD using vibration signals, and infer the health state of the patients

based on both symptom-based and signal-based features. However,

there are two main challenges: 1) different aspects of human gaits

are mixed up in footstep-induced floor vibrations; and 2) struc-

tural heterogeneity distorts vibration propagation and attenuation

through the floor medium. To overcome the first challenge, we char-

acterize the symptom-based gait features of the footstep-induced

floor vibration specific to MD. To minimize the performance in-

consistency across different sensing locations in the building, we
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reduce the structural effects by removing the free-vibration phase

due to structural damping. With these two challenges addressed,

we evaluate our system performance by conducting a real-world

experiment with six patients with MD and seven healthy partici-

pants. Our approach achieved 96% accuracy in predicting whether

the footstep was from a patient with MD.

CCS CONCEPTS

• Applied computing → Health care information systems; •

Computer systems organization→ Embedded and cyber-physical

systems; • Human-centered computing → Ubiquitous and mo-

bile computing; • Computing methodologies → Machine learn-

ing.

KEYWORDS

Gait Health Monitoring, Floor Vibration Sensing, Structural Vibra-

tion, Muscular Dystrophy

ACM Reference Format:

Yiwen Dong, Joanna Jiaqi Zou, Jingxiao Liu, Jonathon Fagert, Mostafa Mir-

shekari, Linda Lowes, Megan Iammarino, Pei Zhang, and Hae Young Noh.

2020. MD-Vibe: Physics-Informed Analysis of Patient-Induced Structural

Vibration Data for Monitoring Gait Health in Individuals with Muscular

Dystrophy. In Adjunct Proceedings of the 2020 ACM International Joint Con-

ference on Pervasive and Ubiquitous Computing and Proceedings of the 2020

ACM International Symposium on Wearable Computers (UbiComp/ISWC ’20

Adjunct), September 12ś16, 2020, Virtual Event, Mexico. ACM, New York, NY,

USA, 7 pages. https://doi.org/10.1145/3410530.3414610

1 INTRODUCTION

Muscular Dystrophy (MD) is a genetic neuromuscular disorder

influencing 1 in 3500 to 5000 births worldwide [1], causing progres-

sive loss of muscle and early death (average 19 years old) without

intervention [2, 3]. This disease is generally first detected during

childhood (2-5 years old). Early signs include toe walking and diffi-

culty getting up from the floor [4]. As the disease progresses, muscle
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degeneration impairs cardiac and respiratory functions, leading to a

shortened life expectancy. Monitoring of gait health in individuals

with MD can help doctors to provide more adaptive and timely

treatments. While there is no cure, treatments such as corticos-

teroid therapy and proactive cardiac and respiratory intervention

have been evidenced to delay progression of the disease and can

extend a patient’s life span by more than 20 years [2, 3].

There are existing clinical approaches and sensing systems to

monitor gait health in patients with MD. After clinical diagnosis,

the progression of MD is typically tracked by measuring the pa-

tients’ functional abilities. Those measures include walking speed

or ability to do common activities such as climbing stairs, which re-

flect changes in muscle weakness [5, 6]. The functional assessments

and traditional gait analysis, however, are restricted to in-person

appointments at healthcare clinics. Since MD is a rare disease this

can require the family to travel long distances to see the correct

specialist. A system that can monitor a patient in their home would

be a useful tool for more frequent and continuous monitoring of

MD progression.

There are several existing sensor technologies for continuous

gait monitoring, such as pressure-based, wearable-based, and vision-

based sensing systems [7, 8]. However, these systems have limita-

tions due to operational requirements; for example, they require an

in person visit (direct observation), dense sensor deployment (pres-

sure) or clear lines of sight (vision), and/or requiring the patient to

wear a device for a long period of time (wearables). These limita-

tions make such sensors inadequate for continuous monitoring in

non-clinical settings.

To overcome these limitations, we introduce a footstep-induced

floor vibration-based system that can monitor gait health in a pa-

tient’s home. The primary intuition is: when humans are walking

in the building, each footstep serves as an excitation to the floor to

generate a vibration response. By analyzing these footstep-induced

floor vibrations, we characterize the patients’ gait using vibration-

based features to identify disease-related gait impairments. Com-

pared to other gait analysis approaches, footstep-induced floor

vibration sensing is non-intrusive and can be sparsely deployed (up

to 20m distance [9, 10]). More importantly, it allows monitoring in

a non-clinical setting with fewer privacy concerns. By interpreting

vibration characteristics as an indicator of disease progression, we

suggest our system to be a useful monitoring tool for gait-related

disease progression.

Through prior studies, footstep induced vibration-basedmethods

have been successful in multiple walker identification, step localiza-

tion, and gait parameter estimation [11ś15]. However, it remains a

challenge to address the problem of monitoring individuals with

MD for the following reasons: 1) the floor vibration signals contain

other aspects of the footstep that are not related directly to the

gait disorder; 2) when the vibration waves propagate through the

floor, detected gait patterns are sensitive to variability in structural

properties of the floor medium. Therefore, it is necessary to reduce

the structural effects captured in the vibration signal to improve

the robustness of our system.

To address these challenges, we leverage a physics-informed ap-

proach to extract gait information and reduce structural influences.

To address the first challenge of separating the mixture of gait infor-

mation, we convert vibration signals into temporal gait parameters,

stability scores, and toe-walking likelihood to quantify physical

symptoms which have been demonstrated to characterize MD, such

as low step frequency, poor balance, and toe-walking gait [6]. This

conversion of the vibration signal into the aforementioned features

known to be related to MD improves the interpretability of our

system. To address the second challenge of confoundment in the

vibration signal from structural effects, we leverage the insight that

one footstep can be assumed as an impulse to the floor that re-

sults in two primary vibration response phases: 1) forced-vibration

phase, and 2) free-vibration phase [16]. The free-vibration phase

occurs after the forced-vibration phase caused by the footstep im-

pulse. In the free-vibration phase, the floor vibrates under structural

damping, primarily governed by structural properties rather than

footstep impacts. Thus, we detect and exclude the free-vibration

phase. This truncation of the vibration signal serves to increase the

effective gait information input to our model, which improves the

efficiency of our system performance.

To evaluate our method, we conducted real-world walking ex-

periments at Nationwide Children’s Hospital with thirteen human

subjects, six of which are patients with MD. Our system achieved

an average accuracy of 96% for detecting the presence of MD (4×

error reduction over a naive baseline that uses signal-based features

only).

The contributions of this paper are:

• We develop a footstep-induced floor vibration system for

monitoring gait health in individuals with MD.

• We characterize the footstep-induced floor vibrations to ex-

tract physical symptoms of MD and to reduce the structural

effects. This improves the interpretability and robustness of

our system.

• We evaluate the performance of our method using real-world

walking experiments with MD patients.

The remainder of the paper covers the physical insights, our

physics-informed approach in MD monitoring, and the field evalu-

ation of our approach, followed by conclusions and future work.

2 PHYSICAL INSIGHTS FOR

FOOTSTEP-INDUCED FLOOR VIBRATION

SENSING

Footstep-induced floor vibrations are generated by footstep impact

forces. Similar to hammer strikes, each footstep can be regarded

as a short-duration force applied to the floor, which causes a small

deformation in the underlying floor slab [16]. Although the dis-

placement is unobservable to the human eye, it can change the

internal stress of the slabs with an increase in shear force and

bending moment around the impact location, resulting in dynamic

structural response to retain equilibrium. As the ensuing structural

response waves propagate through the floor, they can be measured

by vibration sensors deployed on the ground, which transform the

vertical displacements into electrical voltage series. Variation in the

footstep forces due to gait anomalies results in variance in the floor

vibration response, which we use to infer physical characteristics

of human gaits in individuals with MD.
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