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Abstract. Wearable haptic technology has been shown to be effective for motion 

training and rehabilitation. However, one challenge is providing multiple intui-

tive tactile feedback during walking and hence new feedback methods need to be 

explored. Experiments were conducted to explore the use of tactile apparent 

movement on the lower extremity and its feasibility as a feedback modality. Op-

timal stimulus duration and inter-stimulus onset interval (ISOI) combinations 

were determined. We obtained the optimal mean ISOIs at six different stimulus 

durations (from 100 – 200 ms) and then measured the subjects’ left and right 

perception accuracy and response times when those stimuli were presented in a 

randomized trial during standing and walking. Using the optimal stimulus dura-

tion yielding an accuracy of 97% and a response time < 1700 ms respectively. 

This study shows that apparent movement can be an effective feedback modality 

during walking, given an optimal stimulation response.   
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1 Introduction 

In recent decades, haptic feedback research has given rise to new and innovative ways 

for motion training [1], augmenting proprioception [2], and human-computer interac-

tions [3]. With most of the haptic feedback research being targeted towards the upper 

limbs and hands, much less has been explored for the lower limbs.  

Human-computer interaction and motion training are areas where the authors have a 

deep interest, in particular that of lower limb haptics. Gait retraining is an example of 

an area where lower limb haptic feedback has shown promising results in slowing the 

progression of knee osteoarthritis [4]. Our long-term goal is to develop a portable and 



wearable device, which would allow for human-computer interactions and motion 

training for the lower limbs during walking. Current haptic feedback research for the 

lower extremities has focused on using binary vibratory sensations which has been 

shown to be effective and intuitive. Using a single feedback modality however, has the 

disadvantage of only being able to create one distinguishable stimuli and thus limiting 

the number of different interactions or movement parameters that can be recognized. 

Chen et al. have previously explored the use of lateral skin stretch as a feedback method 

inside a laboratory [5], and previous research has also been performed using saltation 

with limited success [6]. One modality that has not been extensively explored for the 

lower limb is that of tactile apparent movement (phi illusion). To investigate new po-

tential feedback methods for a wearable lower limb haptic feedback device, we sought 

to determine the feasibility of tactile apparent movement as a feedback method for pre-

senting directional (left and right) stimuli during walking. 

The purpose of this study was to determine the parameters which illicit the optimal 

perception of apparent movement. “Optimal movement” in this context was defined as 

the best uninterrupted and continuous feeling of movement between stimuli [7]. The 

parameters that generated the optimal movement sensations were then evaluated based 

on directional perception accuracy and reaction time of the subjects. 

2 Background 

Tactile apparent movement or phi illusion, is the sensation felt when two or more dis-

crete loci on the skin are sequentially stimulated causing a stroking illusion to be felt 

[8]. Early studies conducted experiments using simple indentations on the skin and dis-

covered that perception improved when vibratory stimuli were presented instead of in-

dentations. The main parameters influencing the perception of tactile apparent move-

ment are the interstimulus onset interval (ISOI) and the stimulus duration [7]. The stim-

ulus duration is the length of time the vibration is presented at any one time and the 

ISOI is time separating sequential vibrations as seen in Fig. 1 below. 

 

Fig. 1. Signals of vibration motors being sequentially actuated. SD and ISOI representing the 

actuation time per motor and delay time between the start of each motor respectively. 

Sherrick and Rogers performed experiments on the ventral thigh with two stimula-

tors with a vibration frequency of 150 Hz [7]. Kirman performed similar experiments 

on the finger pad with a vibration frequency of 100 Hz yielding results with a similar 



trend to Sherrick and Rogers [9]. Kirman reported that increasing the number of stim-

ulators from two to four produced increased perceptions of apparent movement and 

resulted in shorter ISOIs [10]. Interstimulator spacing and the shape of the stimulator 

have been observed to have little influence on the optimal ISOI [9].  

Previous devices using tactile apparent movement include directional warning sys-

tems for drivers with actuators stimulating the posterior thighs [11], tactile display stim-

ulating the back [12], tactile sleeves for forearm simulating different touch sensations 

[13], tactile actuators on the fingers [14], and tactile torso displays [15]. None of these 

previous applications address the use of apparent movement on areas suitable for a 

wearable lower limb haptic device while walking. Therefore, the aim of this study was 

to investigate the use of haptics to provide apparent movement on the lower limb during 

walking and identify the potential for this modality for gait retraining. 

3 Methods 

This study was divided into two experiments; the first experiment measured the ISOI 

and stimulus duration values that subjects felt as having the “best apparent movement”, 

and the second evaluated the different “best” ISOI and stimulus duration combinations 

based on directional perception accuracy and reaction time.  

 

3.1 Experimental Setup 

Both experiments consisted of a LabVIEW program implemented on a National Instru-

ments MyRIO device which acted as a controller. The controller receives a user adjust-

able voltage from a potentiometer which determines the ISOI ranging from 2 – 296 ms. 

The controller sends I2C commands to the I2C multiplexer (TI TCA9548A) and the 

individual haptic drivers (TI DRV2604L) during initialization of the system and pulse-

width modulated signals to the drivers during operating phase as shown in Fig. 2. The 

haptic drivers measure the back-EMF of the eccentric rotating mass vibration motors 

(ERMs) minimizing the rise time to steady state during activation and deactivation of 

the motors. The ERMs had a diameter of 8 mm and a thickness of 2.5 mm. A LabVIEW 

PC client provided the GUI through which the subject interacted with the experiment 

whilst also logging the experimental data into a spreadsheet. The experiments were all 

conducted on a Force-Instrumented Treadmill (Bertec Corp, MA, USA). A force sen-

sitive resistor was placed near the distal end of the 5th metatarsal on the plantar side of 

the subject’s right foot, which was used to detect when the foot was in stance phase. 

Tactile feedback was only provided when the subject’s right foot was in stance phase 

as this was felt to be most perceivable during our pilot test. 

A pilot experiment was performed to determine a suitable actuator between linear 

resonant actuators and ERMs for our wearable haptic gait retraining application. Even 

though linear resonant actuators are advantageous in the areas of lower power con-

sumption and faster rise time, they lack the acceleration of ERMs (~0.6g vs ~2.2g of 

acceleration in our case), making it less effective as a haptic actuator for gait retraining. 

Four actuators were adhered to the skin using double sided tape to minimize slipping. 

The actuators were placed horizontally on the anterior hemisphere of the subjects’ right 



leg with the actuators evenly distributed (Fig. 3). The actuator was placed at a height 

halfway between the bottom of the heel and the edge of the calcaneal tendon and the 

gastrocnemius. This location was chosen based on our previous study, which deter-

mined the optimal location for sensing lateral skin stretch [5].  

 

Fig. 2. Experimental setup showing the inputs and outputs of the system. 

 

Fig. 3. Lateral, posterior, and medial views of the right leg, with the black dots showing the 

positions of the vibration motors. 



3.2 Experiment 1: Mean ISOI and Stimulus Duration Combinations during 

Standing and Walking 

Ten subjects aged from 23 to 33 years took part in this experiment of which there were 

9 males and 1 female. Prior to testing, subjects provided their informed consent to par-

ticipate, to comply with the ethics committee of the University of Auckland. The aim 

of this experiment was to determine at which ISOI subjects had the “best” perception 

of tactile apparent movement when the motors were actuated at different stimulus du-

rations of 100, 120, 140, 160, 180, and 200ms. The lower range of 100ms was used as 

the authors felt that this was the shortest duration where the motors were still perceiv-

able during walking. It was reported by previous studies that stimulus durations above 

200 ms did not improve the perception of apparent movement and hence this was used 

as the upper limit [9]. An example of the “best movement" was presented to the subjects 

using an ISOI value of 100ms at the stimulus duration of 180ms which was verified by 

the authors to be one which showed good tactile apparent movement. Each subject ad-

justed the potentiometer which varied the ISOI from 0 to 297ms until they found a value 

which gave the desired stimulus.  

The experiment was broken down in two parts, a standing and a walking experiment. 

Half the subjects performed the standing experiment first before the walking and the 

other half performed it the other way round to minimize any learning effects. During 

both the standing and walking experiments, the stimulus duration and direction was 

also randomly presented to the subjects. Six different stimulus durations and two dif-

ferent directions provided a total of 12 trials for each standing and walking experiment.  

During standing, each stimuli was presented with a 300ms rest in between to remove 

any temporal effects [16]. The walking experiments were performed at a treadmill 

speed of 1.2 m/s, which represents a normal, average self-selected speed. Each stimuli 

was presented only once during each stance phase of the right foot. A force sensitive 

resistor was taped to the bottom of the foot near the head of the fifth metatarsal of the 

right leg. The maximum ISOI was also limited in software to reflect finite time in which 

the foot is in stance phase i.e. the stimulation would finish before the end of stance 

phase for a more consistent perception of tactile apparent movement. 

Pairwise t tests between left and right directions at different stimulus durations dur-

ing standing and walking were performed to determine whether or not the direction of 

stimulus had an effect on the ISOI. A two way repeated measures ANOVA was also 

performed with stimulus duration and motion (standing and walking) as the main fac-

tors of interest to determine whether either of them made a difference or had any inter-

actions. The results from this experiment provided the optimal ISOI and stimulus du-

ration combinations for experiment 2. 



4 Results 

4.1 Experiment 1 

Standing and walking results of all the subjects were compiled showing the mean ISOI 

at the corresponding stimulus durations and their respective 95 percent confidence in-

tervals (Fig. 4 and Fig. 5).  

 

Fig. 4. The mean ISOI values giving the “best apparent movement” during standing.  

 

Fig. 5. The mean ISOI values giving the “best apparent movement” during walking. 

Pairwise comparisons within each stimulus duration comparing the left and right 

ISOI values using Bonferroni correction showed that there was no difference in the 



mean ISOI values between directions for both standing and walking activities, p > 0.05. 

A combined overall mean ISOI at each stimulus duration disregarding direction was 

thus calculated (Fig. 6). 

A two way repeated measures ANOVA looking at the stimulus duration and activity 

(standing and walking) as factors showed that stimulus duration had a significant main 

effect on the mean ISOI, F(5,95) = 4.448, p < 0.05. Post hoc test using Bonferroni 

correction showed that difference was apparent when comparing stimulus durations of 

100 ms and 200 ms, p < 0.05. Motion by itself did not have a significant effect on the 

mean ISOI, F(1, 19) = 0.180, p > 0.05. There was an interaction between the stimulus 

duration and the motion, F(5, 95) = 3.145, p < 0.05. Exploring this interaction, a one 

way repeated measures ANOVA with stimulus duration as the factor of interest for the 

standing experiments showed that stimulus duration had a significant effect on the 

ISOI, F(3.523, 66.931) = 8.159, p < 0.05. Evaluating the walking experiments using the 

same method, the authors observed that stimulus duration did not significantly change 

the ISOI, F(5, 95) = 0.275, p > 0.05. 

 

Fig. 6. Combined mean ISOI values disregarding any direction bias. 

4.2 Experiment 2 

A two way repeated measures ANOVA was performed for both mean accuracies and 

response times. There was a significant main effect of motion on the accuracy F (1, 

999) = 18346.882, p < 0.001. Subjects had a higher accuracy perception of the direction 

when standing (mean accuracy of 96.7%) compared with a mean accuracy of 89.2% 

when walking. There was a significant main effect of the stimuli presented on the ac-

curacy F (3.788, 3784.439) = 1716.101, p < 0.001. In general, subjects had a higher 

accuracy perception when the stimulus duration was increased. There was a significant 

interaction between the motion and the stimuli presented to the subject on the accuracy 



perception, F (3.925, 3920.954) = 1545.992, p < 0.001. The accuracy perception only 

increased with increasing the stimulus duration if the subject is engaged in walking and 

increasing the stimulus duration does not influence the accuracy when the subject is 

standing (Fig. 7).  

There was a significant effect of the motion on the response times, F (1, 179) = 

3054990, p < 0.001. In general the response time increased from a mean of 1173 ms to 

1874 ms when the subject changed from standing to walking. There was also a signifi-

cant effect of the stimuli presented to the subject on the response times, F (4.195, 

750.858) = 1035343, p < 0.001. As the stimulus duration (and its respective ISOI) in-

creased from 100 ms to 200 ms, the response time of the subject dropped from a mean 

of 1729 ms to 1399 ms. A significant interaction between the motion and the stimuli 

presented on the subjects’ time response was also detected, F (4.566, 817.392) = 

3725119, p < 0.001. During standing, increasing the stimulus duration does not have a 

big impact on the reduction of the response time, however during walking, the response 

time reduces when the stimulus duration is increased.  

 

 

Fig. 7. Mean accuracy rates (above) and time responses (below) of subjects when presented with 

the six different “best apparent movement” ISOI and stimulus duration combinations. 



5 Discussion and Conclusion 

In this study, we performed two experiments to explore the feasibility of using tactile 

apparent movement as a feedback method for the lower limb during walking. The first 

experiment allowed us to quantify the ISOI and stimulus duration combinations, which 

rendered good perceptions of apparent movement. ). In general, a longer stimulus du-

ration gave rise to a higher ISOI which is consistent with previous research by Kirman, 

Sherrick and Rogers [7, 9]. Likewise, results from the walking experiments were com-

piled, however, increasing the stimulus duration did not seem to lengthen the mean 

ISOI. The second experiment evaluated the six combinations obtained from experiment 

1, by measuring the directional perception accuracy and reaction time.  

During standing, any combination from experiment 1 would deliver similar high ac-

curacy rates (> 95%) and low response times (< 1300ms). During walking, however, 

combinations with higher stimulus durations yielded higher accuracies and lower re-

sponse times. From these results it is possible that walking increases the cognitive de-

mand on the subjects who therefore need more time to process the direction of the given 

stimuli.  

We intend to use stimuli 5 for our lower limb haptic motion guidance applications 

which yielded a mean accuracy of 97% and a subject time response of < 1700ms. At 

the time of publishing these results, a wearable haptic device has been built satisfying 

these requirements, which we intend on experimenting in different motion training 

tasks. 
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