












 
Figure 1: Design and fabrication of IMU, named Mini-Logger 

The Mini-Logger follows a similar construction to an Arduino Pro Mini - containing a 
microprocessor (ATmega-328-AU), power supply (3.3V), and 6 programmable pin headers. The 
data acquisition component is an ICM-20498, a 9 axis (3-axis gyroscope, 3-axis accelerometer, 
and 3-axis compass) motion tracking device. For the purposes of this sensor, only 6 axes are 
used. The ICM-20498 was chosen because of the compact size of the chip and a very low power 
requirement in comparison to other motion tracking devices. While the lower power 
consumption is an advantage for extending the battery life, it does create a challenge of 
connecting the chip to the rest of the board. The ICM-20498 has an operating voltage of 1.81 
volts whereas the other components use 3.3 volts. In order to combat this problem, an I2C bridge 
(2004PCA9306DCUR) was added to convert the higher voltage of 3.3V to 1.8V, allowing the 
ICM-20498 to draw power directly from the board instead of an additional external power 
source. Before the data is stored onto the SD card, the signals from the ICM-20498 are passed to 
the microprocessor. The enclosure for the Mini-Logger was designed in Autodesk Fusion 360. A 
simple snap-fit design was used to secure the sensor inside the enclosure. All fabrication details 
are available at https://github.com/GaitRehabilitation/mini_data_capture .  

Validation of IMU: The performance of IMU was tested against a gold-standard infra-red 
motion capture camera system for assessing sway. The sensor was mounted on a treadmill 
platform with 4 Degrees of Freedom (DOF) Figure 2a. The repetitive motion produced by the 
platform was an ideal setup for validation of sway measured by the two systems i) IMU and ii) 
Infra-red Marker. The platform could generate 10 degrees of pitch and 5 cm of translation. Two 
sinusoidal equations were used for pitch and translation as shown in equations 1 and 2 below. 
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The Percentmagnitude and Percentfrequency ranged from 100%, 80%, 40% and 20% of the total range 
of motion. For example, pitch (maximum amplitude 10 degrees) had an amplitude of ±10, ±8, 
±4, ±2 degrees and translation of ±5, ±4, ±2, ±1 cm of horizontal motion. The movement data 
was filtered using zero-lag low-pass Butterworth filter of 4th order and cut-off frequency as 8Hz.   

 

 

Figure 2: (a) Platform with various degrees of freedom to generate sway (b) Various amplitude 
and frequency of sway generated (c) Sensor and Infra-red Marker (d) Sinusoidal waves showing 
amplitude and frequency generated 

Nonlinear analysis such as Recurrent Quantification Analysis (RQA) was used to validate 
recurrence and determinism between signals from the infra-red marker and IMU, which were 
generated from a single movement source (platform here Figure 2a). The platform is a part of the 
Gait Research Analysis and Interactive Laboratory (GRAIL, Motek Medical, Netherland). RQA 
is used to quantify the duration and number of recurrences in the time series. The time delay and 
the number of dimensions to embed the signal were computed (Wallot & Mønster, 2018). 
Average Mutual Information (AMI) is used to find optimal delay for embedding. Independence 
is quantified by ((x(t), x(t + τ)) where τ is a constant that shifts the signal by some factor from 
original x(t) and x(t+τ)(Wallot & Mønster, 2018). This can be resolved by a nonlinear 
generalization of the auto-correlation function and is given by equation below(Wallot & 
Mønster, 2018) 
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False Nearest Neighbors (FNN) is used to find the optimal lag of the signal(Wallot & Mønster, 
2018). A state-space is reconstructed by embedding the original one-dimensional time series 
utilizing time delayed signals. This can be described by the original time series X(t) and follows: 
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Where t and τ are integers that are indexed on the sample data (Wallot & Mønster, 2018). The 
embedding dimension (m) can be estimated by examining the distance between points in phase 
space. If the embedding distance between the two neighbors changes appreciably then the 
neighbors are considered false neighbors and are true neighbors otherwise(Wallot & Mønster, 
2018). This is continued until the number of FNN drops to 0 or minimum(Wallot & Mønster, 
2018). 
Recurrent Quantitative Analysis (RQA) plots: The diagonal structure in the recurrence plots 
(RP) tends to suggest that the time series function has period to quasi-periodic recurrent 
structures(Marwan, Carmenromano, Thiel, & Kurths, 2007). This regularity in the structure 
suggests that the movement signal source repeated at a fixed interval(Marwan et al., 2007). 
However more quasi-period systems will have variations in the distance between diagonal 
segments(Marwan et al., 2007). The source for the signal was a fixed sinusoidal wave so this is 
expected when reviewing the recurrence plot data. Figure 3 shows how the recurrence plot can 
be constructed from accelerometer signals with known delay and dimensions. 
Recurrence Rate (RR) 
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The distance between diagonal lines in RP space is referred to as the recurrence rate (RR). P(l) is 
defined as the number of points sampled on the diagonal line segment(Marwan et al., 2007), or 
the histogram of the lengths l of the diagonal lines. The main diagonal for the RP plot is fixed 
across all the trials and is excluded when examining the RR. RRτ is described by the equation 
above where τ=0 is the main diagonal and τ>0 is above the main diagonal and τ<0 is the below 
the diagonal(Marwan et al., 2007). This measure directly relates to the likely hood that an event 
will occur again given some delay τ. This can be generalized as a higher-order autocorrelation 
function as it is dependent on τ (Marwan et al., 2007). Determinism (DET) is defined as the 
percentage of recurrence points which form the diagonal lines 
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Figure 3: Accelerometer signals from the platform sway were filtered for high-frequency noise 
and phase space reconstruction was performed for recurrence quantification 
Experiment 2- Testing on Human Subjects:  The goal of this experiment was to determine if 
the Mini-Logger has the ability to detect changes in postural sway depending on different 
proprioceptive, visual and vibration conditions. Participants were blinded to frequency settings 
and conditions that were randomized to reduce the possibility of ordering effects. Ten healthy 
subjects (5 males and 5 females, age: 27.3 ± 2.7 years, 68±5.6 Kg, 183±4 cm) were recruited to 
participate in this study which was approved by Chapman University IRB. Subjects provided 
informed consent as per Chapman University IRB and were evaluated on the ability to maintain 
balance with eyes open and with eyes closed, intact sensation of the foot, and intact 
proprioception of the ankle. Subjects were excluded if they presented with foot pain while 
barefoot or required orthotics. 

Experimental Protocol: Static balance for each subject was assessed under a variety of 
conditions in randomized order, adjusting variables of visual input, proprioceptive input, and 
frequency, for a total of 12 conditions. For vision, participants were instructed to keep eyes open 
(EO) and focus on a target five meters ahead or to keep eyes closed (EC). Proprioceptive input 
was modified by adjusting surface conditions, having the participant stand directly on the solid 
vinyl surface or on STEPRIGHTⓇ stability trainers (Figure 4a, 4b, 4c). Varying frequency input 
was provided with tactors placed on the dorsal surface of 1st MT on bilateral feet (0Hz, 220Hz, 
260Hz). The amplitude of frequency stimulation was adjusted to subthreshold levels so that 


