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ABSTRACT 

Can additional information about one’s body kinematics provided through hands 

improve human balance? Light-Touch (LT) through hands helps improve balance in a wide 

range of populations, both healthy and impaired. The force is too small to provide any 

meaningful mechanical assistance – rather, it is suggested that the additional sensory 

information through hands helps the body improve balance.  

To investigate the potential for improving human balance through biofeedback 

through hands, we developed a Virtual Cane (VC) for balance assistance during standing. 

The VC mimics the physical cane’s function of providing information about one’s body in 

space. Balance experiments on 10 healthy young adults are conducted, where the evidence 

of improved standing balance with VC is collected and analyzed in terms of both, medio-

lateral & anterior-posterior accelerations of the trunk. The results showed that VC 

improved balance in both X & Y directions as compared to no cane and in some cases, 

balance improvement was almost as good as physical cane condition. This shows that 

standing balance can be improved by even a simple binary information on one’s hand 

position with respect to the ground. 

This work furthers the concept of biofeedback from using virtual devices for 

balance assistance - using virtual LT through hands. Specifically, this work investigates a 

novel case where information that otherwise cannot be provided by any of the sensory 

organs (i.e., accurate distance from one’s hand to an external object), improves human 

standing balance. This research will propagate and give a boost to inspect and analyze 

similar or supplementary improvement effects during walking.  
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1. INTRODUCTION

Falls are the second leading cause of accidental or unintentional injury deaths 

worldwide, where each year an estimated 646,000 individuals die from falls globally 

according to World Health Organization (WHO) [1]. A better balance during walking can 

mitigate falls, which occur mostly during locomotion [2 - 4], and are one of the major 

causes of life-threatening injuries in older adults [5, 6]. Assistive devices such as canes 

(standard, offset, quadripod); crutches (axillary, forearm, platform), or walkers (standard, 

front-wheeled, four-wheeled) can help improve balance during standing, especially for 

populations who require high-force physical assistance. 

However, for people who are still physically capable yet suffer slightly reduced 

balance, there are notable drawbacks in using these devices for everyday use. For example, 

these devices occupy the hand(s) of the user, thereby reducing the dexterity of their arms 

and are often bothersome to carry around. In addition, these devices may induce social 

stigma by openly presenting the disability of the user. Also, reduced usage of weak yet 

functional muscles due to canes or walkers may prevent recovery and accelerate 

dependence on these assistive devices. 

Light interaction forces may help improve balance while allowing the user to use 

their functional muscles. In biomechanics, the ability of Light Touch (LT) to drastically 

improve human balance has received wide attention. Unlike using physical assistances, it 

was first shown by Jeka in 1994 [7] that, light contact of the fingertip on a rigid surface 

was enough to drastically reduce the Center-of-Pressure (CoP) sway of healthy individuals 
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during quiet standing. That is, a simple application of such a small force onto one of the 

most distal part of human body (fingertip) was sufficient for the human participant to 

outperform his/her own best effort to stand as still as possible. The force is too small to 

provide any meaningful physical assistance – rather, it is suggested that the additional 

sensory information provided through LT helps the body improve balance under its own 

power. Hence, it is generally agreed that the proprioceptive sensory information from LT, 

and not the mechanical support provided by the reaction forces, helps improve human 

balance. For the mechanical torque from the reaction force by LT to be large enough to 

affect the balance, the reaction force magnitude must be over 4 N, which is at least four 

times greater than the force typically provided by LT [7]. Instead, LT may provide sensory 

information, especially when it is reduced due to mobility impairment [8] or aging [9]. 

Indeed, modulating the touch location, but not touch magnitude, resulted in the modulation 

of the CoP during standing, even when the human subjects were not aware of such 

modulation in place [10, 11] – which suggests a strong coupling between the sensory 

information from LT and human standing balance. Similar improvement in standing 

balance using LT was observed in a wide range population, further testifying the dramatic 

balance improvement (in healthy young adults [7, 12], healthy older adults [9], stroke 

patients [13, 14], peripheral neuropathy patients [15], Parkinson’s Disease patients [16] 

and anterior cruciate ligament (ACL) injury patients [8]).  

Shima [11] proposed a novel concept of virtual light touch contact, where the 

information about the position of one’s body, provided through vibrations and not through 

force, was capable of increasing standing balance. According to Beek [17], step width of 

the subjects significantly decreased during treadmill walking with light touch on the 
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handrail. These imply that, the somatosensory information provided through LT or virtual 

LT help improve body balance even without physical assistance.  

These remarkable results revealed the potential for using LT for human balance 

assistance without providing mechanical assistance – through providing sensory 

augmentation. The reaction force provided by LT is too small to provide mechanical 

support [7, 10, 18, 19]. Instead, it is widely accepted (but not explicitly shown) that the 

proprioceptive sensory information from LT is what helps improve standing balance. Our 

goal is to bring the benefit of LT out of the lab and into the everyday lives of people who 

could benefit from standing assistance and fall prevention. Above mentioned studies 

motivated us to further contemplate on removing all contact and investigate regarding the 

usage of virtual light touch contact to improve standing balance, with a wearable device 

that is subtly hidden from view. The outcome is an effective and affordable standing 

balance assistance system that can also reduce social stigma and reluctance to use assistive 

devices due to their appearances [18].  

This interdisciplinary research aims to reduce the risk of falls in frail populations 

by developing and evaluating a novel wearable balance assistive device inspired by virtual 

Light-Touch (LT), named the Virtual Cane (VC). The long-term goal is to extend the 

evaluation to frail populations such as older adults or people who regularly use walking 

aids. People requiring assistance during walking, often use an object of their own, such as 

a cane or a crutch, and maintain contact with the object throughout walking. While the 

physical contact between a cane handle and the hand may not be considered LT, the contact 

of the cane to the ground and the subsequent sensory information through the hands could 

resemble LT. For example, one may choose to only lightly touch the ground with his/her 
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cane, similar to how visually-impaired people use their canes for exploration. Indeed, if LT 

were providing information about the location of fixed external objects and therefore the 

information about one’s body location, one does not have to make physical contact with an 

external surface to gain these benefits. Rather, simulated LT could simply inform the user 

of the distance between his/her body and an external object or the ground itself. With these 

considerations, our VC is the one that functions like a cane without the mechanical support, 

but with the information about the distance. That is, the instrumented VC mimics the 

physical cane on the information provided by it – the distance between an external 

object/ground to the subject, therefore acting like a virtual cane of fixed length, and inform 

the user through cutaneous senses.  

Our hypothesis is that, balance improvement can be found in healthy, young adults 

by utilizing information provided through virtual light touch, i.e., vibration feedback at 

fingertips, administered by our assistive device.  
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2. METHODS 

2.1. APPARATUS 

The VC was designed to allow the testing of above-mentioned hypothesis such that 

it is capable of delivering information through fingertips and assist in improving human 

body balance. In this view, the VC should feel like a physical cane in its weight and inertia, 

except for the sensation of contact to the ground. To ensure as similar mechanical feel as 

possible, we accommodated VC apparatus with a trifold cane that measures the distance 

between the cane and the ground and a glove that provides this information to the user in 

the form of vibration. The trifold, physical cane (5 cm × 18 cm × 33 cm), as shown in 

Figure 2.1, is height adjustable (83 cm ~ 93 cm). At about 21 centimeters from the bottom 

of the shaft of the physical cane, an Ultrasonic sensor (HC-SR04; ranging distance of 2 cm 

~ 500 cm and resolution of 0.3 cm) is mounted. This is used to measure the real-time 

distance of the cane from the ground, which gives feedback to the vibration actuators if the 

change in distance is more than 5 cm. It is also equipped with an Arduino UNO 

microcontroller to oversee the operation of sensors and actuators. The glove, as shown in 

Figure 2.2, consists of three bend sensors/ short flex sensors (P1710; flat resistance of 25K 

Ω) and four vibration actuators (P1201A; 2V ~ 5V). Bend sensors are placed along the 

thumb, middle finger and little finger of the glove, and are used to detect if the hand is 

making a grip while holding the cane. Vibration actuators propped on the outer side of the 

glove at fingertips of all except middle finger, to provide the distance information to the 

wearer.  This is how, the VC mimics the physical cane's function of providing information 

about one's body in space. 
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Figure 2.1. (Left) Folded and (right) unfolded physical cane with an Arduino Uno 

at the handle and an ultrasonic sensor at the bottom fold of the cane’s shaft. 

 

 

Figure 2.2. (Left) Outer side of the glove with bend sensors on thumb, middle 

and little fingers. (right) Inner side of the glove with vibration actuators on all except 

middle finger. 
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Figure 2.3 depicts a subject in tandem stance, right foot front, eyes closed, barefoot 

on the axis at the center of a force plate (Optima OPT400600HF, Advanced Material 

Technology Inc.), with the VC setup i.e., a glove on his right hand while holding the trifold, 

physical cane. The force plate measures the medio-lateral Center of Pressure (CoPx) and 

the anterior-posterior (CoPy) from the force components (Fx, Fy and Fz) of the active forces 

applied to its surface, which are used to calculate the center-of-pressure (CoP) of the 

subject. 

 

Figure 2.3. Subject standing on the force plate in tandem stance, with eyes 

closed, right foot in front of the left in three control conditions. a) No Cane, b) Virtual 

Cane and c) Physical Cane. 

 

a

) 

b

) 

c

) 
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2.2. PARTICIPANTS 

 Human balance assistance experiments, through sensory augmentation, approved 

by the Missouri S&T Institutional Review Board (IRB), were conducted on ten 

participants, who volunteered for the study and have given written consent forms, prior to 

the experiment. Among the individuals participated, there were five men and five women, 

with their ages ranging from 19 to 30 years. All the participants were physically active and 

healthy with no known neurological disorders or musculoskeletal injuries, which might 

affect their balance maintaining ability. 

2.3. PROCEDURE 

Initially, the subject was acquainted with the IRB approved form and after taking 

their consent, they were made aware of the tandem stance and were given two minutes to 

practice it in an eyes closed condition. The subject was instructed to stand, as quietly and 

still as possible, on the anterior-posterior axis of the force plate with their eyes closed, bare 

foot, in tandem stance, right foot first [24], under three conditions. 

i. No Cane (NC) – In this condition, the participant was standing on the force plate in 

the above-mentioned stance. In the right hand, at any comfortable height, they were 

holding the cane, whose bottom quarter of the shaft is folded. This ensures the 

mechanical grip and sense of the physical cane, without giving ground support. The 

other hand rests freely. Also, no vibration feedback was given to the actuators on 

subject’s hand glove. Even though this could be done with an idle stance, the 

participant was made to stand holding the cane to standardize the body position in 

all three control conditions. 
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ii. Virtual Cane (VC) – In this condition, the cane remained folded, but the glove was 

powered on and the participant was asked to point the cane with the ultrasonic 

sensor onto the force plate. This ensured no physical assistance and only 

biofeedback. Whenever their deviation from the comfortable height exceeded a 

specified limit of 2.5 cm in either direction (providing 5 cm thickness of no 

vibration zone), feedback was provided to the participant’s finger tips through 

vibration actuators. The amplitude of the vibration was fixed and did not depend on 

the measured distance from the sensor. 

iii. Physical Cane (PC) – In this condition, the glove was powered off and the 

participant was given physical support by resting the end of the unfolded cane shaft 

on the force plate. The participants were free to exhibit their desired amount of 

force through the cane, as they would with any ordinary cane. 

Enough time was given to the participant to get comfortable in their stance on the force 

plate and to be as still as possible for the entire trial. The trial began only when the 

participants felt stable enough and said ‘ready’ or ‘go’. Each participant performed three 

blocks of experiments with 12 trials each, with four of each condition per block and all the 

three conditions randomized in each block. The duration of each trial was 20 seconds. A 

5-minute break was given to the participant after each block of trials. To ensure the same 

feet position in all the trials for all participants, anterior-posterior axis was marked on the 

center of the force plate using adhesive tape.  
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2.4. ANALYSIS 

Data from blocks 1 & 2 were not taken into account, to rule out any possible 

learning effect. The third blocks of all 10 participants were analyzed using MATLAB 

(MathWorks) to derive CoP values at any given point of time during the trial. From these 

values, standing balance was measured in terms of the standard deviations of CoP as well 

as the standard deviations of velocities of CoP. First, we found the CoP data from the force 

plate such that  

𝐶𝑜𝑃𝑥 =  −
(𝑀𝑦 + 𝐹𝑥∗𝑡)

𝐹𝑧
     (1) 

𝐶𝑜𝑃𝑦 =
(𝑀𝑥+ 𝐹𝑦∗𝑡)

𝐹𝑧
     (2) 

 

where, t is force plate thickness. Velocities of CoPx and CoPy are calculated by 

differentiating their moving means in both directions and multiplying them with sampling 

frequency (Fs = 1 kHz). The standard deviations of CoPx (SD CoPx ) and that of CoPy (SD 

CoPy), as well as the standard deviations of the velocities of CoP in x (SD vCoPx) and y 

direction (SD vCoPy) were then found. These balance metrics were then analyzed using 

ANOVA in SPSS (IBM). 
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3. RESULTS 

The Mean values and Standard errors of SD CoP and SD vCoP in both X and Y 

directions, of all 10 participants, under three conditions, are shown in Table 3.1. 

Table 3.1. Mean and Standard Error.  

 

Condition 

SDCoPx SDCoPy SDvCoPx SDvCoPy 

Mean 
Std. 

Error 
Mean 

Std. 

Error 
Mean 

Std. 

Error 
Mean 

Std. 

Error 

NC 10.27 0.84 7.70 0.98 45.47 4.07 41.09 5.98 

VC 8.79 0.60 6.16 0.71 40.53 2.96 31.84 3.54 

PC 8.54 0.68 5.99 0.90 29.38 2.45 21.61 2.50 

 

From the above table, the means of Standard deviations of CoPs and Standard 

deviations of velocities of CoPs in both anterior-posterior and medio-lateral directions, 

show a decreasing trend from NC to PC, implying improved balance using the physical 

cane as expected. In addition, there is a clear improvement in all the metrics from NC to 

VC, in both directions.  
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Figure 3.1. Standard Deviation of CoP of all subjects in X direction under three 

control conditions – No Cane (NC), Virtual Cane (VC) and Physical Cane (PC). ** 

denotes ‘high significance’ and NS denotes ‘no significance’. 

 

In Figure 3.1, there is visible decrease of SD CoPx from NC to PC with a 

significance of p<0.001. The metric showed a decrease from NC to VC with a significance 

of p<0.001. Even though, there is a decrease from VC to PC, it is not significant with the 

value being p=0.728. This implies that, there is significant improvement in standing 

balance from NC to VC but, no significant improvement from VC to PC, in terms of SD 

CoPx.  

  

NS 
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Figure 3.2. Standard Deviation of CoP of all subjects in Y direction under three 

control conditions – No Cane (NC), Virtual Cane (VC) and Physical Cane (PC). * 

denotes ‘significance’ and NS denotes ‘no significance’. 

 

In Figure 3.2, there is visible improvement of SD CoPy from NC to PC with a 

significance of p=0.019. The metric showed a decrease from NC to VC with a significance 

of p=0.038. Even though, there is a decrease from VC to PC, it is not significant with the 

value being p=0.962. This implies that, there is significant improvement in standing 

balance from NC to VC and no significant improvement from VC to PC.  

N

S 
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Figure 3.3. Standard Deviation of vCoP of all subjects in X direction under three 

control conditions – No Cane (NC), Virtual Cane (VC) and Physical Cane (PC). ** 

denotes ‘high significance’. 

 

In Figure 3.3, there is visible improvement of SD vCoPx from NC to PC with a 

significance of p<0.001. The metric also showed a decrease from NC to VC and VC to PC 

with a significance of p<0.001. This implies that, there is significant improvement in 

standing balance from NC to VC and also from VC to PC. 
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Figure 3.4. Standard Deviation of vCoP of all subjects in Y direction under three 

control conditions – No Cane (NC), Virtual Cane (VC) and Physical Cane (PC). ** 

denotes ‘high significance’. 

 

In Figure 3.4, there is visible improvement of SD vCoPy from NC to PC with a 

significance of p<0.001. The metric also showed a decrease from NC to VC and VC to PC 

with a significance of p<0.001. This implies that, there is significant improvement in 

standing balance from NC to VC and also from VC to PC. 
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Key takeaways from the above results are: 

• VC improved balance as much as PC did, according to Standard Deviation of CoP 

in both, X & Y directions. 

• When Standard Deviation of vCoP in X & Y directions is considered, PC is best 

but there is significant improvement in VC when compared to NC.  
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4. DISCUSSION 

Contrary to prior studies, in the current experiment there is no physical force used 

at all in VC condition. This is a first of its kind and it is intriguing to contemplate more 

possibilities of developing extended auxiliary balance assistive devices in the future.  

In the early stages of prototype development, instead of ultrasonic sensors, infrared 

sensors were employed and VC was tested. Due to high interference and low reliability, 

even in moderately lit environment, we later switched to ultrasonic sensors. Also, the 

vibration actuators were planted on the outer side of the fingers of the glove, during pilot 

experiments. However, after considering the fact that inner tips of the fingers are more 

sensitive than finger nails, their position is switched. Moreover, there was no physical cane 

in our initial approach. Instead, there was only a handle on which ultrasonic sensor was 

mounted and pilot experiments were conducted under only two control conditions. One, 

with idle bipedal stance and the other, with the glove and the handle. There might have 

been an effect of difference in body postures on the body sway. In order to eliminate that 

and standardize the body posture, in all control conditions and to precisely know the 

relative amount of improvement, physical cane is implemented under all control 

conditions. In these initial pilot experiments, subjects were standing on the force plate in 

idle bipedal stance, with their eyes closed, and the body sway was found too small for these 

healthy, young adults, to compare under two control conditions. Therefore, to make it more 

arduous, we changed the stance from bipedal to tandem [7, 23], which is a widely used 

means of increasing the difficulty in medio-lateral direction. Considering the fluctuations 

of the distance when the user points the cane at any desired angle, all the subjects were 

made to point it on to an area marked on the force plate.  
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Although, according to many earlier studies, it is suggested that the information 

(and not the mechanical support) LT’s may help improve balance, this potentially 

important hypothesis was not explicitly tested. This may have been due to the fact that, 

testing such idea requires a special setup like the VC, that ensures only information transfer 

and no mechanical contact. And, so forth, these results evidently show that no physical 

assistance and only LT through vibration feedback, helps improves balance in healthy 

young adults. This discovery can be utilized in building new balance assistive devices and 

thus help in forming new therapy approaches that focuses on providing useful sensory 

information. 

From the above results, it is observed that assistance from VC improves standard 

deviation of Centre of Pressure as much as PC does, but not on standard deviation of 

velocity of Centre of Pressure. This may be due to the fact that the position information 

(distance from cane shaft to the force plate) was provided for the biofeedback and not 

velocity information. This entails that, if we have provided other means of feedback that 

affects velocity, then it may have improved the SD vCoP measure of balance as well. In a 

recent study [25] conducted here at Missouri S&T, a haptic robot was used to investigate 

the information embedded in LT that improves standing balance in healthy young adults. 

It was revealed that, despite the additional positional information provided, significant 

balance improvement was mainly velocity-dependent, which is quite on the contrary of this 

work. Hence, the combined results of these two studies suggests a possible ‘orthogonal’ 

mechanism of standing balance modulation within human body – one responding to 

velocity information, and another to position information. Also, when it comes to the 

metrics in the current work, even though there are contemporary choices like the Mean 
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Sway Amplitude (MSA), shrewdly, SD CoP and SD vCoP are considered, thereby allowing 

us to scrutinize their respective effects on body balance. 

There are a few reasons to choose trifold cane for our experiment. First one being 

the similarity with the typical physical cane. We wanted VC control condition to be as 

similar to PC as possible in all sensations, except for the information being provided. This 

eliminates effects of other factors, such as varying hand grip, weight, inertia etc. on the 

results. These may not affect balance, but since the effect of such factors on balance was 

never explicitly studied in the literature, we eliminated as much as possible the variations 

on these factors across all the control conditions. Secondly, Ultrasonic sensor provides 

more accurate measure of distance at a close range, so it was attached to the shaft of the 

cane at the end of second fold, so that we can work it with the minimum possible distance. 

Thirdly, for all the participants, we wanted to ensure that the VC points on to the force 

plate. Because the end of the folded cane was only roughly 20 cm away from the force 

plate, it was straightforward for the experimenter to determine if the VC pointed to the 

force plate or not. Therefore, a trifold physical cane proved to be an adequate design choice 

for this particular requirement.  

Our current VC prototype provides distance information from the force plate to the 

cane, in both upward and downward directions. The information is binary in that it either 

turns on or turns off the vibration actuators on the glove. The vibration intensity is fixed 

and not modulated in any other way. Since it is assumed that no other form of information 

is being provided differently in comparison with all three control conditions, it therefore 

minimizes all the other factors that might affect balance results. More importantly, this 

binary information is the lowest form of information (1-bit), meaning that you can’t be less 
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specific in the information provided. But even with such low resolution information, the 

participants’ standing balance improved This result suggests that low-cost, low-resolution 

sensors may be sufficient for use in assistive devices. This also suggests that balance 

therapy programs may not have to commit to providing exact sensory information to the 

patient. This further implies that the brain may not require a high-resolution information to 

improve balance. The brain may prefer high-contrast, low-entropy binary information to 

make rapid decisions on how to maintain balance – a time-sensitive and critical task to 

avoid falls. 

Although our results are promising for standing balance assistance, it may apply 

differently to other population or in other balance conditions. As mentioned earlier, all 10 

participants on whom these experiments are conducted are healthy young adults, who may 

not rely much on physical cane for assistance. On this account, our VC may have stronger 

rehabilitation potential when it is used by people with stability disorder due to reduced 

sensory input. Additionally, the subjects were made to stand with their eyes closed to 

increase the level of difficulty for healthy young adults. Whether this experimental setup 

affected the level of effectiveness of VC is still unknown. For example, it may be argued 

that the increased difficulty led the participants to depend more on the information provided 

by VC. Also, it is unclear how the improvement in standing balance may translate to 

walking balance. The dynamic nature of walking described as a series of falls and catches 

with large CoP movement makes it difficult to generalize studies in standing balance over 

to walking [31, 32]. Indeed, even the metrics of balance are different from standing to 

walking [7, 11, 13, 17]. How to test the effect of VC in walking remains to be a challenging 

task for future research. 
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Nonetheless, our ultimate goal is to bring balance assistance out from the research 

lab and into more practical daily tasks, such as during walking. Indeed, despite evidence 

that standing balance is not related to walking balance [31, 32], LT has resulted in 

improvements both in standing balance and during walking (with a 7-meter walk with an 

instrumented cane [13], or on a treadmill with LT-handrail [33]). These studies point to the 

potential for utilizing LT for improving walking balance – an underexplored possibility 

that can lead to a great benefit. Even though we included the physical cane in our 

experiment, our work opens doors for possible outdoor balance assistive devices without 

any physical cane – and only with the glove with a sensor. The inclusion of the physical 

cane in the control conditions was to standardize the body posture in the experiment and 

need not be embodied in actual usage. The current glove prototype is already portable and 

can be used anywhere, hence making it convenient to extend this concept to walking. 

Future experiments involve analyzing human body balance improvement using VC during 

walking, with the help of gait mats, optical motion analysis [26], uniaxial [13, 30] or tri-

axial accelerometer [27, 28, 29], Surface Electromyography [13, 17, 30], 3D motion 

capture technology [11], or foot switches [13, 27]. Building upon the result from this work, 

we are hopeful that low-cost walking balance assistance device that is information-based 

and hidden from view will be developed in the near future.  
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5. CONCLUSION 

 

This work shows that, standing balance can be improved by information on one’s 

hand position with respect to the ground and thus, takes a step beyond the traditional 

concept of biofeedback and explore the possibility of sensory augmentation for movement 

assistance. Instead of simply measuring and providing specific information that could have 

come from existing sensory organs in human body (ex. foot pressure [20, 21] or head 

orientation [22]), we explored LT to provide information that otherwise cannot be provided 

by any sensory organs – the accurate distance from one’s hand to a physical object. This 

work can also be used to explore the possibility of using phantom sensation for movement 

assistance, such as the feel of an illusionary cane. In other words, this work can explore the 

full potential of the sensory capabilities of your body as a whole for improving awareness 

and mobility of the human body.   

Our work will also impact the rapidly growing industry of Virtual Reality (VR) or 

Augmented Reality (AR). The sensory augmentation aspect of LT-based assistive devices 

can apply to VR or AR to provide a channel for virtual physical interaction and enhance 

the feel of authenticity. A novel rehabilitation scheme integrating LT and VR/AR can also 

be envisioned. In addition, our VC can provide amplified awareness to the surroundings, 

leading to applications such as intuitive navigation in low-visibility environment during 

search-and-rescue or combat operations. Similar technologies can be used to help the 

vision-impaired population as well.  
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PARTICIPANT INFORMATION 

Table 1. Details of the Participants 

Subject Subject Code Gender Age* 

1 S01 M 21 

2 S02 F 25 

3 S03 F 30 

4 S04 F 23 

5 S05 F 20 

6 S06 F 19 

7 S07 M 25 

8 S08 M 24 

9 S09 M 21 

10 S10 M 20 

 

*Age on the date of the experiment
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SUMMARY OF STATISTICAL ANALYSIS 

 

Table 2. Data Summary from SPSS ANOVA 

Dependent Variable:   SDy   

NC PC 1.7024* .6176 .019* .2307 3.1741 

VC 1.5387* .6176 .038* .0669 3.0104 

PC NC -1.7024* .6176 .019* -3.1741 -.2307 

VC -.1637 .6176 .962 -1.6354 1.308 

VC NC -1.5387* .6176 .038* -3.0104 -.0669 

PC .1637 .6176 .962 -1.3080 1.6354 

(I) 

Condition 

(J) 

Condition 

Mean 

Difference 

(I-J) Std. Error Sig. 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

Dependent Variable:   SDx 

NC PC 1.7279* .3204 .000* .9642 2.4915 

VC 1.4842* .3204 .000* .7205 2.2478 

PC NC -1.7279* .3204 .000* -2.4915 -.9642 

VC -.2437 .3204 .728 -1.0073 .5200 

VC NC -1.4842* .3204 .000* -2.2478 -.7205 

PC . 2437 .3204 .728 -.5200 1.007 
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Dependent Variable:   SDvCoPx   

NC PC 16.0817* 1.5720 .000* 12.3353 19.8280 

VC 4.9324* 1.5720 .006* 1.1860 8.6787 

PC NC -16.0817* 1.5720 .000* -19.8280 -12.3353 

VC -11.1493* 1.5720 .000* -14.8956 -7.4029 

VC NC -4.9324* 1.5720 .006* -8.6787 -1.1860 

PC 11.1493* 1.5720 .000* 7.4029 14.8956 

Dependent Variable:   SDvCoPy   

NC PC 19.4847* 2.0475 .000* 14.6051 24.3642 

VC 9.2547* 2.0475 .000* 4.3752 14.1343 

PC NC -19.4847* 2.0475 .000* -24.3642 -14.6051 

VC -10.2299* 2.0475 .000* -15.1094 -5.3503 

VC NC -9.2547* 2.0475 .000* -14.1343 -4.3752 

PC 10.2299* 2.0475 .000* 5.3503 15.1094 

 

(*) Implies significance.
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MATLAB CODE FOR DATA ANALYSIS OF THE FORCE PLATE DATA 
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MATLAB CODE FOR DATA ANALYSIS OF THE FORCE PLATE DATA 

 

clear all 

A=xlsread(['Trial36.xlsx']); 

P=20; % Overall data collection interval time Period (s) % 

t=.0238; % thickness of force plate (m) % 

Fs=1000; % Sample Frequency % 

ti=(0:1/Fs:(P-(1/Fs)))'; % Time variable % 

% Unassisted Attempt % 

Fx=A(1:(P*Fs),1);  

Fy=A(1:(P*Fs),2); 

Fz=A(1:(P*Fs),3); % Retrieval of information from Excel % 

Mx=A(1:(P*Fs),4); 

My=A(1:(P*Fs),5); 

COPx=(My+(Fx.*t))./Fz*1000; % Center of Pressure X (mm) % 

COPy=(Mx-(Fy.*t))./Fz*1000; % Center of Pressure Y (mm) % 

dCOPx=COPx-mean(COPx); % Position of COPx relative to the mean % 

dCOPy=COPy-mean(COPy); % Position of COPy relative to the mean % 

rCOP=sqrt((dCOPx.^2)+(dCOPy.^2)); % COP Deviation Magnitude % 

dCOP=mean(rCOP); % Mean Deviation Magnitude (mm) % 

MSAx=mean(abs(dCOPx)); % Mean Sway Amplitude Anterior-Posterior % 

MSAy=mean(abs(dCOPy)); % Mean Sway Amplitude Medial-Lateral % 

RMSx=rms(dCOPx); % Root Mean Square COPx position % 

RMSy=rms(dCOPy); % Root Mean Square COPy position % 

SDx=std(dCOPx); % Standard deviation of COPx % 
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SDy=std(dCOPy); % Standard deviation of COPy % 

MD=max(rCOP); % Maximum Deviation Magnitude % 

MDx=max(dCOPx); % Maximum Deviation Anteroposterior % 

MDy=max(dCOPy); % Maximum Deviation Mediolateral % 

y=fft(dCOPx)/(P*Fs); % Fast Fourier Transform of dCOPx % 

y=abs(y); % Removal of imaginary or complex numbers % 

y=2*y(1:1+((P*Fs)/2)); % Excluding mirrored results % 

f_scale=Fs/2*linspace(0,1,P*Fs/2+1)'; % Scaling frequency input to sample 

frequency % 

plot(f_scale,y),axis('tight'),grid('on'),title('Dominant Frequency') 

xlim([0,2]) 

xlabel('Frequency (Hz)') 

ylabel('COPx Spectral Density (mm)') 

[pks,locs]=findpeaks(y,f_scale); % x and y locations of peaks in the plot % 

if locs(1)<.06 

    pk_dom=pks(2:end); % Excluding the zero frequency peak % 

    [v,k]=max(pk_dom); % Retrieve the index for the tallest peak % 

    if locs(k+1)==.05 

        f_dom=locs(k+2) % Associate that index with locs to find the dominant 

frequency % 

    else 

        f_dom=locs(k+1) % Since the index k is for the max pk_dom, which skips 

the first object of pks, the index for locs must be k+1 % 

    end 

else 

    [v,k]=max(pks); 



31 

 

f_dom=locs(k) 

end 

%%% Velocity of COP for both conditions: 

fCOPx=movmean(dCOPx,Fs*.1); % Filtered COPx % 

fCOPy=movmean(dCOPy,Fs*.1); % Filtered COPy % 

%fCOPx2=sgolayfilt(dCOPx2,3,51); % Filtered COPx2 % 

%fCOPy2=sgolayfilt(dCOPy2,3,51); % Filtered COPy2 % 

vCOPx=diff(fCOPx)*Fs; 

vCOPy=diff(fCOPy)*Fs; 

vCOP=sqrt(vCOPx.^2+vCOPy.^2); 

SDvCOP=std(vCOP); 

SDvCOPx=std(vCOPx); 

SDvCOPy=std(vCOPy); 

%%% Plotting and Data Export %%% 

plot(fCOPx,fCOPy) 

title('COP') 

xlabel('COPx (mm)') 

ylabel('COPy (mm)') 

%plot(ti,rCOP,'k.--') 

%hold on 

%plot(ti,rCOP2,'rs--') 

%title('rCOP Assisted vs Unassisted') 

%xlabel('Time (s)') 

%ylabel('rCOP (m)') 

%legend('Unassisted','Assisted') 
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%hold off 

load=[dCOP,MSAx,MSAy,RMSx,RMSy,SDx,SDy,MD,MDx,MDy,mean(abs(

vCOP)),mean(abs(vCOPx)),mean(abs(vCOPy)),f_dom,SDvCOPx,SDvCOPy] 

% Defines the Data Exported % 

filename='Data Analysis - 15Nov.xlsx'; 

xlswrite(filename,load,3,'C15:R15');
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ARDUINO CODE FOR GLOVE OPERATION
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ARDUINO CODE FOR GLOVE OPERATION 

 

uint16_t fingers_val = 0; 

 

uint8_t i = 0; 

 

uint8_t finger_sensors[3] = {A2, A1, A0}; 

 

uint16_t sensor_vals[3] = {0}; 

 

uint8_t vibe_pins[4] = {5, 9, 3, 6};  

 

unsigned long on_start = 0; 

 

unsigned long on_time = 0; 

 

#define trigPin1 10  // was originally 8 

 

#define echoPin1 11  // was originally 9 

 

#define trigPin2 12  // was originally 10 

 

#define echoPin2 13  // was originally 11 

 

long duration; 

 

float distance, UltraSensor1, UltraSensor2, AVGdistance; 

 

char data; 

 

String SerialData=""; 

 

float pastDistance = 0; 

 

int MeasurementsToAverage = 2; 

 

void setup()  

{ 

 Serial.begin(9600); 
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  for(uint8_t i = 0; i < 4; i++) 

  { 

    pinMode(vibe_pins[i], OUTPUT); 

  } 

 

//  pinMode(trigPin1, OUTPUT); 

//  pinMode(echoPin1, INPUT);  

  pinMode(trigPin2, OUTPUT); 

  pinMode(echoPin2, INPUT); 

 

} 

 

void loop()  

{ 

  fingers_val = analogRead(finger_sensors[0]) + analogRead(finger_sensors[1]) + 

analogRead(finger_sensors[2]); 

   

  if(fingers_val < 350)  

  { 

    UltraSensor2 = SonarSensor(trigPin2, echoPin2); 

    distance = UltraSensor2; 

 

    if(distance < 2) 

    { 

      distance = pastDistance; 

      AVGdistance = pastDistance; 

    } 

    else 

    { 

      AVGdistance = (999*pastDistance + distance)/1000; 

      pastDistance = distance; 

    } 

    Serial.print("Distance measured by the Ultrasonic sensor: "
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          Serial.print(AVGdistance); 

        Serial.println(" cm"); 

 

    if (AVGdistance < cane_length && AVGdistance > (cane_length-3)) 

    { 

      for(i = 0; i < 4; i++) 

      analogWrite(vibe_pins[i], 0); 

    } 

    else  

    { 

      for(i = 0; i < 4; i++) 

      analogWrite(vibe_pins[i], 55); 

    } 

  } 

  else 

  { 

    for(i = 0; i < 4; i++) 

    analogWrite(vibe_pins[i], 0); 

  } 

  return; 

} 

 

float SonarSensor(int trigPinSensor,int echoPinSensor) 

{ 

  digitalWrite(trigPinSensor, LOW); 

  delayMicroseconds(2); 

  digitalWrite(trigPinSensor, HIGH); 

  delayMicroseconds(10); 

  digitalWrite(trigPinSensor, LOW); 

  duration = pulseIn(echoPinSensor, HIGH); 

  return (duration/2) / 29.1; 

}  



37 

 

BIBLIOGRAPHY 

[1]  Fact Sheet, “Falls,” http://www.who.int/mediacentre/factsheets/fs344/en/, World 

Health Organization (WHO), January 2018. 

[2]   Blake AJ, Morgan K, Bendall MJ, Dallosso H, Ebrahim SBJ, Arie THD, Fentem 

PH, Bassey EJ. Falls by Elderly People at Home: Prevalence and Associated 

Factors. Age Ageing. 1988;17: 365-372. 

[3]   Niino N, Tsuzuku S, Ando F, Shimokata H. Frequencies and circumstances of falls 

in the National Institute for Longevity Sciences, Longitudinal Study of Aging 

(NILS-LSA). J Epidemiol. 2000;10: S90-4. 

[4]   Tinetti ME, Doucette J, Claus E, Marottoli R. Risk Factors for Serious Injury 

During Falls by Older Persons in the Community. J Am Geriatr Soc. 1995;43: 1214-

1221. 

 

[5]   Stevens JA, Corso PS, Finkelstein EA, Miller TR. The costs of fatal and non-fatal 

falls among older adults. Inj Prev. 2006;12: 290-295. 

[6]   Kochanek KD, Murphy SL, Xu J, Tejada-Vera B. Deaths: Final Data for 2014. Natl 

Vital Stat Rep. 2016;65: 1-122. 

[7]   Jeka JJ, Lackner JR. Fingertip contact influences human postural control. Exp Brain 

Res. 1994;100: 495-502. 

[8]   Bonfim TR, Grossi DB, Paccola CAJ, Barela JA. Additional sensory information 

reduces body sway of individuals with anterior cruciate ligament injury. Neurosci 

Lett. 2008;441: 257-260. 

[9]   Baccini M, Rinaldi LA, Federighi G, Vannucchi L, Paci M, Masotti G. 

Effectiveness of fingertip light contact in reducing postural sway in older people. 

Age Ageing. 2007;36: 30-35. 

[10]  Verite F, Bachta W, Morel G. Closed loop kinesthetic feedback for postural control 

rehabilitation. IEEE Trans Haptics. 2014;7: 150-160. 

[11]  Shima K, Shimatani K, Sugie A, Kurita Y, Kohno R, Tsuji T. Virtual light touch 

contact: A novel concept for mitigation of body sway. 2013 7th International 

Symposium on Medical Information and Communication Technology (ISMICT). 

2013. Doi:10.1109/ismict.2013.6521710.



38 

 

[12]  Riley MA, Stroffregen TA, Grocki MJ, Turvey MT. Postural stabilization for the 

control of touching. Hum Mov Sci. 1999;18: 795-817. 

[13]  Boonsinsukh R, Panichareon L, Phansuwan-Pujito P. Light touch cue through a 

cane improves pelvic stability during walking in stroke. Arch Phys Med Rehabil. 

2009;90: 919-926. 

[14]  Cunha BP, Alouche SR, Araujo IMG, Freitas SMSF. Individuals with post-stroke 

hemiparesis are able to use additional sensory information to reduce postural sway. 

Neurosci Lett. 2012;513: 6-11. 

[15]  Dickstein R, Shupert CL, Horak FB. Fingertip touch improves postural stability in 

patients with peripheral neuropathy. Gait posture. 2001;14: 238-247. 

[16]  Franzen E, Paquette C, Gurfinkel V, Horak F. Light and Heavy Touch Reduces 

Postural Sway and Modifies Axial Tone in Parkinson’s Disease. Neurorehabil 

Neural Repair. 2012;26: 1007-1014. 

[17]  Beek PJ, Daffertshofer A. Effects of handrail hold and light touch on energetics, 

step parameters, and neuromuscular activity during walking after stroke. IJmker et 

al. Journal of NeuroEngineering and Rehabilitation (2015) 12:70. 

[18]  Jeka JJ. Light Touch Contact as a Balance Aid. Phys Ther. 1997;77: 476-487. 

[19]  Holden M, Ventura J, Lackner JR. Stabilization of posture by precision contact of 

the index finger. J Vestib Res. 1994;4: 285-301.  

[20]  Novak P, Novak V. Effect of step-synchronized vibration stimulation of soles on 

gait in Parkinson’s disease: a pilot study. J Neuroeng Rehabil. 2006;3: 9. 

[21]  Ma CZ-H, Wan AH-P, Wong DW-C, Zheng Y-P, Lee WC-C. A Vibrotactile and 

Plantar Force Measurement-Based Biofeedback System: Paving the Way towards 

Wearable Balance-Improving Devices. Sensors. 2015;15: 31709-31722. 

[22]  Vuillerme N, Cuisinier R. Head position-based electrotactile tongue biofeedback 

affects postural responses to Achilles tendon vibration in humans. Exp Brain Res. 

2008;186: 503-508. 

[23]  Lackner JR, Rabin E, DiZio P. Stabilization of posture by precision touch of the 

index finger with rigid and flexible filaments. Exp Brain Res. 2001;139: 454-464.



39 

 

[24]  Wing AM, Johannsen L, Endo S. Light touch for balance: influence of a time-

varying external driving signal. Philos Trans R Soc Lond B Biol Sci. 2011;366: 

3133-3141. 

[25]  Saini A. (2018). Investigation of the Information Provided by Light Touch for 

Balance Improvement in Humans. Retrieved from ProQuest Database. (Accession 

No. 10789240).  

[26]  Culhane K. M, O’Connor M, Lyons D, Lyons G. M. Accelerometers in 

rehabilitation medicine for older adults. Age and Ageing 2005;34: 556-560. 

[27]  Kavanagh J. J, Barrett R. S, Morrison S. Upper body accelerations during walking 

in healthy young and elderly men. Gait and Posture 20 (2004) 291-298.   

[28]  Zijlstra W, Hof L. Assessment of spatio-temporal gait parameters from trunk 

accelerations during human walking. Gait and Posture 18 (2003) 1-10. 

[29]  Menz H.B, Lord S. R, Fitzpatrick R. C. Acceleration patterns of the head and pelvis 

when walking on level and irregular surfaces. Gait and Posture 18 (2003) 35-46. 

[30]  Boonsinsukh R, Panichareon L. Clinical Identification for the Use of Light Touch 

Cues with a Cane in Gait Rehabilitation Poststroke. Top Stroke Rehabil 2011;18: 

633-642. 

[31]  Shimada H, Obuchi S, Kamide N, Shiba Y, Okamoto M, Kakurai S. Relationship 

with Dynamic Balance Function During Standing and Walking. Am J Phys Med 

Rehabil. 2003;82: 511-516.  

[32]  Kang HG, Dingwell JB. A direct comparison of local dynamic stability during 

unperturbed standing and walking. Exp Brain Res. 2006;172: 35-48. 

[33]  Dickstein R, Laufer Y. Light touch and center of mass stability during treadmill 

locomotion. Gait Posture. 2004;20: 41-47.  

 

 



40 

 

VITA 

Sindhu Reddy Alluri is of Indian origin and received her Bachelor’s degree in 

Mechatronics Engineering from Jawaharlal Nehru Technological University, Hyderabad, 

India, in May 2016. Upon her graduation, she joined ‘Mahindra & Mahindra Ltd.’, 

Automotive and Farm equipment manufacturing plant in Zaheerabad, India, as an 

Equipment Maintenance Engineer, in June 2016. Her achievements included implementing 

various cost saving and power consumption optimization projects, analyzing and 

troubleshooting critical breakdowns, providing on-job-training for as many as 260 

associates, gaining certifications in Siemens PLC TIA portal, Mitsubishi PLC & HMI, 

Value Analysis & Value Engineering (VAVE) programs.  

To assimilate more substance, she pursued and received a Master’s in 

Manufacturing Engineering from Missouri University of Science & Technology (Missouri 

S&T), Rolla, in May 2019. She landed with a Graduate Research Assistantship in the field 

of Rehabilitation Robotics, under the navigation of Dr. Yun Seong Song, from the 

department of Mechanical and Aerospace Engineering. She was the finalist in ‘Summer 

Graduate Research Fellowship’ grant in 2018 at Missouri S&T. She also presented her 

research titled, ‘Light touch based virtual cane for balance assistance during standing’, at 

‘Hand, Brain and Technology Conference, 2018’, in Switzerland.  

 


	Light touch based virtual cane for balance assistance during standing
	Recommended Citation

	II

