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Abstract— The characterization of vibrotactile perception is 

crucial to accurately configure haptic devices and create 

appropriate stimuli for improving the user’s performance in 

human-machine interaction systems. This paper presents a study 

aiming to determine the absolute and differential vibrotactile 

thresholds of the torso (front and back) to develop reliable haptic 

patterns to be displayed using a haptic vest. In the ‘absolute 

threshold’ experiment, we measured the minimum detectable 

vibration using a forced-choice task. In the ‘differential 

threshold’ experiment, we measured the minimum change 

needed for users to discriminate two successive vibrotactile 

stimuli using a vibration matching task. The results of the first 

experiment show similar absolute thresholds among areas, 

opening up the possibility to set a unique minimal vibration in 

order to create haptic patterns. On the other hand, the 

differential thresholds are generally similar between areas, which 

allow generalizing the results as well. Moreover, as the 

differential thresholds follow Weber’s law, it is viable to estimate 

any upper or lower differential threshold for any reference 

frequency or amplitude. Our experiments thus prove the 

feasibility of creating vibrotactile patterns in a generalized 

manner for any area of the vest using ERM motors. 

 
Index Terms— Haptics, Perception and Psychophysics, 

Vibrotactile Feedback, Vibrotactile Thresholds, Haptic Patterns 

I. INTRODUCTION 

APTICS is becoming an essential manner to improve the 

performance of numerous human-machine interaction 

applications such as virtual reality, navigation or spatial 

awareness systems. There already exist a high amount of 

devices implementing haptic actuation; but vibrotactile 

feedback, both tactile and kinesthetic, is doubtlessly the most 

widely used [1] [2] [3]. Tactile devices are commonly more 

portable and less bulky; thus, they are suitable for continuous 

usage, being capable of reproducing abundant stimuli using 

different actuators with an adequate configuration [4].  

A human-machine system with vibrotactile feedback 

requires dependable stimuli, for instance, to simulate virtual 

events, or to create navigation cues to guide a person. Those 

interactions are simulated using haptic patterns composed of 
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successive stimuli with shifting operating features (time, 

frequency, amplitude, etc.). If those patterns are rightly 

developed, users can associate the stimuli with the information 

that the haptic system attempts to convey. It is then required to 

characterize how users perceive vibrotactile stimuli by 

conducting psychophysical studies to determine the best 

manner to use the actuators, and create haptic stimuli [5] [6]. 

We previously developed a haptic vest which contains 72 

Eccentric Rotating Mass (ERM) motors to render vibrotactile 

feedback, although it also contains thermal and impact 

actuation [4]. The motors had to meet some requisites: 1) ease 

to integrate alongside thermal and impact actuators in the vest; 

2) low price owing to the large number of motors; 3) a small 

driver system not to increase the bulkiness and weight of the 

vest; 4) a wide range of operation to create versatile stimuli. 

Despite there are other actuators which have greater flexibility 

to handle their operating parameters (e.g. Linear Resonant 

Actuators [7]), the selected ERM motors are those which fulfil 

the four previous conditions. 

Therefore, we needed to characterize tactile perception in 

the torso to use these ERM motors. To date, there barely are 

psychophysical studies employing ERM motors over the torso. 

Most of the research focuses on ascertaining the spatial acuity 

in specific areas [8] or other parameters over areas where the 

accuracy of tactile perception is usually greater [9] [10]. We 

then believe necessary to attain vibrotactile perception 

thresholds (both absolute and differential) to be able to create 

and render haptic patterns with a haptic vest. As a first step, in 

a previous study, we determined the vibrotactile spatial acuity 

(i.e. the distance between two operating actuators to perceive 

them as distinct stimuli) whose results were used to distribute 

the actuators over the vest [11].  

In this research, we conduct two additional experiments: 

firstly, the determination of absolute vibrotactile thresholds 

(i.e. the minimum vibration detected through the skin) and, 

secondly, the determination of upper and lower differential 

thresholds so as to attain the minimum difference (among 

operating frequency or amplitude) to discriminate two distinct 

vibrations. Results of both experiments set a range of 

noticeable vibrations over the torso whose lower limit is the 

absolute vibration threshold, whereas the upper limit is the 

maximum vibration of the ERM motor. The resulting 

differential thresholds afford to define stimuli at each phase of 

a pattern so that users perceive every single stimulus, and the 

patterns convey information accurately. 

We have divided the torso into 16 areas to ascertain 
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vibratory thresholds over the entire upper body, besides the 

differences between particular areas. If results are similar, the 

same haptic patterns can be created in a generalized manner 

for the whole torso and, otherwise, each specific area would 

need a customized design to convey the information properly. 

In summary, both experiments yield reference values of 

frequency and amplitude which, along with the previous 

results of spatial acuity [11], allow creating easily perceivable 

and discriminable stimuli. The final objective is to enhance 

human-machine interactions systems by rendering patterns via 

a haptic vest, which are relatable to navigation or guidance 

cues, or to events coming from a virtual environment [4]. 

The outline of this paper is as follows: Section II describes 

the related work; Section III introduces the experimental setup 

consisting of the vibrotactile actuation system and the vest; 

Section IV describes the first experiment including the 

apparatus, the procedures, the statistical analysis, and the 

results; Section V presents the second experiment with the 

same subsections; Section VI discusses the results and 

compares them with prior studies, and Section VII sums up the 

main conclusions drawn from the conducted studies. 

II. RELATED WORK 

Although the development of haptic devices and, 

consequently, of haptic patterns is rather recent, the study of 

vibrotactile sensory thresholds goes back several decades. 

There are even studies from the 60s dealing with these 

thresholds and how they are affected by some parameters such 

as temporal summation [12], masking [13] or actuation areas 

[14]. However, the technology has evolved substantially since 

then, acquiring more versatility and easiness to modify the 

operating conditions of vibrotactile actuators. Thereby, human 

perception must be newly characterized to set the required 

references to develop haptic feedback with current technology. 

As mentioned before, most of researches about perception 

refer to fingers to determine either the spatial acuity [11] or 

the absolute and differential thresholds [15] [16]. Moreover, 

there are similar researches conducted over hands [17] [18], 

arms [19], feet [20] or the head [21]. These researches about 

vibrotactile perception are usually related to passive 

perception, but there also are studies focused on determining 

thresholds for active perception, aiming to improve the realism 

of perceived patterns or textures through the fingers [22] [23]. 

Likewise, there are studies to determine force thresholds on 

fingers [24], both absolute and differential [9]. 

There are various studies not directly dealing with 

thresholds or resolution, but related to psychophysical aspects 

of vibration as well. These studies analyze aspects which 

might be helpful to create haptic feedback such as the 

directionality of vibrations [25], absolute perception of haptic 

patterns [26] [27], or psychophysical aspects inherent to 

specific haptic devices [10] [28]. 

Contrarily, the perception over the torso needs to be 

covered in further detail, even though there already are some 

references about the resolution [29], as well as the absolute 

localization both of vibrations [30] [31] and haptic patterns  

[32]. There are even some studies that state that haptic 

perception is more accurate and localizable over the torso than 

over other areas such as forearms or wrists [30] [33]. 

Notwithstanding, there is a growing build-up of studies about 

haptic perception to determine, for instance, differential 

thresholds using coin motors [8], or the vibrotactile spatial 

acuity with several measurement conditions on the back [34], 

getting values quite akin to those in the experiment to 

distribute the actuators over our haptic vest [11]. 

To conclude, although there is some research about 

vibrotactile perception, no studies have measured absolute and 

differential thresholds over the torso using ERM motors. Thus, 

the main objective of this study is to complete a perception 

map of the whole torso, including the spatial acuity from the 

previous research and both absolute and differential 

vibrotactile thresholds. The values define thorough vibrotactile 

ranges which could be used to develop reliable haptic patterns 

with devices containing similar vibrotactile actuators. 

III. EXPERIMENTAL SETUP 

A. Characterization of ERM Motors 

The vibrotactile actuators used in this research are cylindrical-

shaped ERM motors, whose diameter and length are 5.3 and 

20.1 millimeters, respectively (ref. 304-116, Precision 

Microdrives Limited, London). The operating curve provided 

by the manufacturer shows that the motors need voltages 

within the range 1 to 3.6 V to operate. The frequency differs 

between 120 and 285 Hz, and the vibration amplitude 

oscillates between 0.2 and 1.3 g (see Fig. 1). 

Nevertheless, the experimental conditions are not equal 

during the data gathering by the manufacturer than if motors 

are attached to the vest. We then needed to characterize the 

motors with our particular conditions to establish accurately 

the frequency and amplitude values that users perceive during 

a typical operation of the vest. 

The characterization is conducted using an Arduino UNO 

(Arduino, Italy), and a Pulse-Width Modulation (PWM) 

output, which can take 256 values to power the motor between 

0 and 5 V. The system applies the PWM value to a power 

stage to reach each specific voltage, and the stage also protects 

the motor against either overcurrent or overvoltage states. 

 
Fig.1. Comparative among the Manufacturer curves (M. Frequency and M. 

Amplitude) and the curves obtained from the motor’s Characterization (Ch. 

Frequency and Ch. Amplitude). 

 



 
The first step is to obtain the equivalence between each 

PWM value and the voltage by measuring directly among both 

motor terminals using a digital multimeter. To obtain the 

frequency and amplitude curves under our experimental 

conditions, we increased the voltage from 0 to 5 V in steps of 

0.05 V using the PWM-voltage relationship. Each vibration 

was measured with an omnidirectional microphone (to get the 

frequency), and an accelerometer (to get the amplitude). The 

accelerometer also yields frequency values that are compared 

to the microphone values to reinforce the validity of results. 

Both signals were processed, erasing the ambient noise by 

filtering, and applying a Fourier transform to get the dominant 

vibration frequency and the amplitude for each voltage. The 

procedure consisted of 80 measures with three different 

motors to ensure the reliability of results.  

The resulting curves follow similar tendencies to the 

original ones, but there are slight differences. On the one hand, 

motors can vibrate at voltages lower than 1 V (0.51 V is the 

minimum voltage) and, on the other hand, they can operate up 

to 5 V during prolonged times without malfunction, reaching 

frequencies and amplitudes beyond the limits given in the 

datasheet (see Figs. 1 and 2). The frequencies differ between 

63 Hz (0.51 V) and 330 Hz (5 V), and amplitudes between 

0.25 g (0.51 V) and 1.46 g (5 V). 

B. Operating Features of ERM Motors 

ERM motors have a noteworthy limitation since we can only 

modify its voltage to attain specific values of frequency or 

amplitude (i.e. frequency and amplitude cannot vary 

separately). Therefore, each vibration depends on a 

combination of amplitude and frequency [8], and both 

parameters are valid to characterize the perception of 

vibrotactile stimuli [35] [36]. 

Both the datasheet and the characterization curves show 

relationships roughly linear between voltage, frequency, and 

amplitude (see Fig. 1). A change of voltage entails 

proportional variations in frequency and amplitude. We 

provide two fourth-degree equations to obtain the frequency 

(F, in Hz) (eq. 1) and the amplitude (A, in g) (eq. 2) for each 

supply voltage (V) in our experimental conditions. An 

additional three-degree equation set the relationship between 

frequency and amplitude (see Fig. 2). All equations are 

adjusted by polynomial regression based on the 

characterization data. 

 

𝐴 = 0.0022𝑉4 − 0.028𝑉3 + 0.0114𝑉2 + 0.085𝑉 + 0.15 (1) 
𝐹 = −0.657𝑉4 + 9.204𝑉3 − 45.99𝑉2 + 147.5𝑉 − 2.5  (2) 

𝐴 = −6.72 · 10−8𝐹3 + 4.1 · 10−5𝐹2 − 0.0031𝐹 + 0.27  (3) 

 

Henceforth our results are given in terms of frequency since 

we consider it eases to carry out comparisons with other 

vibration motors or the same motors in other experimental 

conditions. Nevertheless, changes in the perception during the 

ensuing experiments are not only associated with the 

frequency but to the whole vibration characterized by 

particular values of frequency and amplitude. We can obtain 

the threshold in terms of amplitude by using (3). 

Other features of ERM motors that may affect the 

perception are the rise time (i.e. from the start until the motor 

reaches 50 % of the vibration amplitude) and the drop time 

(i.e. from the power interrupts until the motor stops) since 

values of frequency and amplitude are not accurate during 

those times. We measured those values in the whole vibratory 

range of the motors (see Fig. 3). Drop times are practically 

constant in the entire range. However, rise times are high at 

low voltages (i.e. low frequencies or amplitudes); thus, stimuli 

in the first experiment must be long enough (above 100 ms) so 

that users always perceive the target vibration.  

These features differ for different motors, and results are 

applicable provided that a haptic device contains ERM motors 

with similar features. If ERM motors have different features, 

or the actuators can modify the vibratory amplitude and 

frequency independently, a new calibration would be needed 

to characterize the vibratory stimuli appropriately. 

C. Vest and Motor’s Placing 

The vest was divided into 16 areas: six areas on the front torso 

and six on the back, the right lateral, the left lateral, the right 

shoulder and the left shoulder. Four Velcro strips delimited the 

areas to place the cloth with the motors during the 

experiments. The areas and their names appear in Fig. 4.  

The wide range of body sizes implied the necessity of 

tailoring two different vests to ease the wearability (S and L 

sizes), although the laterals and the shoulders could be 

adjusted using Velcro strips in order to adapt the vest to the 

rest of standard sizes (M and XL). The vest was made of 

neoprene since it is a flexible and readily adjustable material. 

 
Fig.2. Curve relating the frequency and the amplitude of ERM motors. They 

begin to vibrate at 0.51 V (i.e. 63 Hz and 0.219 g), and each point of the curve 

corresponds to a specific supply voltage. 

 

 
Fig.3. Rise and drop times of the ERM motors in the entire operation range. 

 



 
Three motors were sewn above a cloth made of a rigid 

fabric to prevent lateral spread of vibrations. The cloth had 

two Velcro strips to attach it over the 16 areas of the vest in 

each phase of the experiment (see Fig. 5). The sewing avoids 

any waste material (e.g. glue) which may affect the vibratory 

frequency while the motor operates. 

The motors are separated 10 millimeters from each other, 

but the control system always used the same motor to keep 

conditions unchanged. The motor was always tested before 

each phase to ensure proper operation, although a change 

during an experimental phase does not imply perception’s 

variability. The distance between them is lower than our 

reference of spatial acuity values (around 50 mm) [11], and 

also lower than values in alternative studies (lower than 20 

mm) [37]. Even so, we only had two failures of motors during 

the whole experiment related to cable breakings. 

IV. ABSOLUTE THRESHOLD EXPERIMENT 

A. Apparatus 

The experimental system consisted of the driver system to 

manage the motors as described above for the calibration. The 

experiments were managed by a Dell Precision 490 Dual-Core 

Intel Xeon EM64T (graphics card nVIDIA® Quadro® FX 

4500, 512 MB) running MATLAB to record the responses  

(The MathWorks, Inc; Natick, MA) and the Arduino IDE 

(Arduino, Italy) to handle PWM values and power the motors. 

B. Participants 

Participants were 22 volunteers, 10 males and 12 females 

ranging from 21 to 34 years old (mean ± SD, 24.652 ± 3.034 

years). They were unaware of the purpose of the study and 

provided written informed consent. All participants were in-

between 18 and 40 years, given that haptic perception changes 

substantially with aging [38] [39] [40], avoiding troubles to 

generalize the results. The Ethics Committee of Universidad 

Politécnica de Madrid approved the experimental procedures, 

and the study complied with the Code of Ethics of the World 

Medical Association (Declaration of Helsinki). 

Before starting both experiments, participants were asked 

about diagnosed neurological issues, psychological problems, 

diseases or medication related to haptic perception [41] [42]. 

Exclusively participants who had normal haptic perception 

were selected to take part in the experiment. 

C. Procedure 

The first experiment consisted of measuring the absolute 

vibration threshold of the 16 areas (see Fig. 4). 

For this experiment, we used a two-interval forced-choice 

(2iFC) task. Each trial was composed of two intervals with a 

duration of 350 milliseconds by interval and a temporal gap of 

1.3 seconds between them. A vibration was randomly assigned 

to one of the temporal intervals, and no stimulus was 

presented during the other interval. The participants had to 

indicate whether the first or the second interval contained the 

vibratory stimulus by pressing the number 1 or 2 on a numeric 

keyboard. A new trial started after the participant responded. 

All participants performed the experiments with the same 

type of undershirt which they had to select among different 

sizes (S, M, L, or XL size). The experimenter then placed the 

cloth over a specific area, and participants wore the vest 

afterwards in order to begin the experiment. The vest had to be 

as tight as possible to ensure proper contact with the skin 

provided that participants felt utterly comfortable.  

A pure tone of 800 Hz was presented before each 

presentation interval, aiming to indicate the next vibration in 

order to avoid participant’s distraction. Moreover, an intense 

white noise was presented to mask the sound of vibrations 

during the presentation interval. The volume of the noise was 

adjusted before starting the experiment to mask all motor 

sounds, and to avoid discomfort. Participants heard both the 

tone and the noise using headphones. 

The vibratory frequency of each trial changed according to 

a Bayesian adaptive staircase [43] [44] [45] whose prior 

distribution of frequencies was uniform (i.e. non informative 

about the threshold value), and the model function (𝑀(𝑥, 𝜃𝑖)) 

was the Logistic (see [46] and [47]) (the parameters used were 

guess rate = 0.5, lapse rate = 0.01, delta (δ) = 0.0123, and 

sigma (σ) = 0.8). We calculate the posterior distribution 

according to equation (4) in order to update the staircase after 

the participant’s response given in each trial. 

 

𝑃𝑖+1(𝑥) = 𝑃𝑖(𝑥)𝑀(𝑥, 𝜃𝑖)
𝐶[1 − 𝑀(𝑥, 𝜃𝑖)]𝐼 , 𝑖 ∈ [1, 𝑛]   (4) 

In equation (4): P is the posterior distribution, and M is the 

model function, C = 1 and I = 0 after a correct response and I 

= 1 and C = 0 after an incorrect response. The number of trials 

is n. The mean of the posterior distribution (𝜃𝑖 = 𝑃𝑖(𝑥)̅̅ ̅̅ ̅̅ ̅) 

provides the frequency presented in each trial. 

 
Fig.4. Torso (left) and back (right) side of the vest. The areas are marked with 

a rectangle and the corresponding names are written inside them. 

 

 
Fig.5. Cloth with three motors, even though only one is used during the 

experiments.  The rest are used in case of malfunctioning or errors. 



  
The final estimation of the threshold was the mean of the 

final distribution after completing 40 trials (𝑃𝑛+1(𝑥), 𝑛 =
40). According to this procedure, the absolute threshold is 

defined as the minimum frequency to detect vibration with a 

success rate of 75%. Each participant completed three 

staircases by area to obtain three single measures of the 

threshold, and the final absolute threshold is the mean of these 

three measures. Participants had to determine 48 vibrotactile 

absolute thresholds to complete the experiment. 

The total duration to determine all absolute thresholds was 5 

hours and 30 minutes per participant. It was an unduly long 

time to perform the whole experiment without fatigue; hence, 

there were two options: completing the experiment in several 

sessions or completing only a part in a single session. The 

time of the session was between 1 and 2 hours. Each 

participant completed three areas per hour with a break of 3-5 

minutes between areas to avoid fatigue.   

 Regardless of a participant completed the whole experiment 

or solely a part; the tested areas were randomized. If haptic 

perception does not change within the age range between 18 

and 40 years old, the distribution of participants per areas 

could be random without risk of biasing the final results. 

The voltage-frequency curve obtained after the calibration 

must be considered to determine the voltage to apply in every 

trial. As both experiments used a similar process, an example 

is illustrated using this experiment: the first frequency 

displayed by the system could be, for instance, 80 Hz which 

corresponds to a voltage of 0.71 V, so the driver unit applied a 

PWM signal of 10% duty cycle. If the user identified the 

vibration rightly, the driver unit displayed a superior value in 

the next trial (e.g. 93 Hz, after applying (4)), which 

corresponds to 0.81 V and a PWM signal of 11% duty cycle. 

The procedure is similar during the rises and falls of frequency 

throughout the 40 trials of each experiment. 

D. Statistical Analysis 

The first experiment estimated the absolute thresholds for 

sixteen areas. The analysis of the results was performed 

employing an unequal variance One-Way ANOVA for 

independent measures (Welch’s ANOVA) in order to compare 

among different areas. Moreover, we used an unequal variance 

t-test (Welch’s t-test) [48] to compare the corresponding parts 

of the right and left sides of the front torso and back. 

E. Results 

All thresholds (in Hz) are shown in Fig. 6 as a function of the 

tested areas. The minimum average value is 64.5103 Hz, 

which corresponds to the Upper Right Torso (URT), and the 

maximum average value is 75.7229 Hz, which corresponds to 

the Lower Right Torso (LRT) (see Fig. 4 for checking up the 

areas). The average of all absolute thresholds of the sixteen 

areas was 69.1074 Hz (dashed line in Fig. 6), and the 95% 

confidence interval of the mean is [67.5802 70.6346] Hz (solid 

lines in Fig. 6). Despite those differences, Welch’s ANOVA 

shows that there are no significant differences between all 

absolute vibrotactile thresholds (𝐹15,54.319
′ = 1.191, 𝑝 =

0.306). 

Additionally, we have performed several further 

comparisons: 1) individual areas of right and left side of the 

front torso and back; 2) all areas of right and left front torso 

(lateral, upper torso, medium torso, and lower torso); 3) all 

areas of right and left back (shoulder, right back, medium 

back, and lower back); 4) all right and all left areas (see Fig. 4 

and Table I to check up the areas and the results, respectively). 

The results of those comparisons do not show any significant 

difference between areas in the entire torso. 

 Fig.6. Vibration absolute thresholds for different areas. Each symbol and line 

represents the mean ± SEM (Standard Error of Mean) of ten subjects per area. 

The horizontal dashed line corresponds to the mean of vibration absolute 

thresholds for the sixteen areas (69.1074 Hz) and the horizontal solid lines are 

the 95% confidence interval of the mean ([67.5802 70.6346] Hz). 

 

 

TABLE I 

COMPARISON BETWEEN RIGHT AND LEFT AREAS 

Comparison t' p-value 

Right Shoulder (RT) vs.  

Left Shoulder (LT) 

1.2230 0.2391 

Upper Right Torso (URT) vs. 

Upper Left Torso (ULT) 

1.1486 0.2743 

Medium Right Torso (MRT) vs.  

Medium Left Torso (MLT) 

0.1379 0.8926 

Lower Right Torso (LRT) vs.  

Lower Left Torso (LST) 

0.8566 0.4036 

Upper Right Back (URB) vs.  

Upper Left Back (ULB) 

0.3429 0.7357 

Medium Right Back (MRB) vs.  

Medium Left Back (MLB) 

-0.5091 0.6171 

Lower Right Back (LRB) vs.  

Lower Left Back (LLB) 

-0.0818 0.9357 

Right Lateral (RL) vs.  

Left Lateral (LL) 

-0.1105 0.9133 

 

Right Back vs. Left Back 0.3978 0.6919 

 

Right Torso vs. Left Torso -0.2208 0.8259 

Right Areas vs. Left Areas 0.0893 0.929 

   

Welch’s t-test for comparing vibration absolute thresholds of the right and 

the left areas 

 

 



V. DIFFERENTIAL THRESHOLDS EXPERIMENT 

A. Apparatus 

The whole experimental system was the same than the system 

used in the absolute threshold experiment. 

B. Participants 

Participants were 61 volunteers, 29 males, and 32 females 

ranging from 18 to 36 years old (mean ± SD, 23.377 ± 4.807 

years). The remaining details about participants are the same 

as those in the absolute threshold experiment. 

C. Procedure  

This experiment consisted of measuring the differential 

vibrotactile threshold for three temporal frequencies (reference 

frequencies): 100, 175 and 225 Hz. We chose these 

frequencies in order to ascertain if the thresholds follow 

Weber’s law and, in turn, to obtain Weber’s fractions for 

determining the thresholds with whichever reference 

frequency. The frequencies were selected to encompass the 

whole range of motors’ operation. The first value (100 Hz) is 

substantially higher than the absolute threshold (69.1 Hz) to 

ensure the utter perception of all stimuli. The third frequency 

is the highest possible value to avoid the saturation of the 

threshold (a phenomenon which might occur if the resulting 

differential threshold is above the maximum frequency 

displayable with the motor (330 Hz)). Finally, the second 

frequency is an intermediate value. 

The results of the first experiment did not show significant 

differences between the absolute thresholds of the right and 

left sides. Therefore, this experiment was only carried out 

testing the 8 right areas (see Fig. 4) because we assumed that 

differential thresholds would be similar in both sides. 

We used a vibration matching task where each trial was 

composed of two temporal intervals with a duration of 350 

milliseconds and a temporal gap of one second between 

presentations. In each interval, one vibration was presented. 

Each vibration was randomly assigned to the intervals: one 

contained the reference frequency (100, 175, or 225 Hz), and 

the other contained the test frequency. The participant’s task 

was to indicate which interval contained the vibration at a 

higher frequency by pressing the number 1 (the first vibration) 

or 2 (the second vibration) on a numeric keyboard. 

The frequency of the test vibration changed according to a 

Bayesian adaptive staircase with similar characteristics to the 

staircase used in the first experiment. The model function 

(𝑀(𝑥, 𝜃𝑖)) was the Logistic function (their parameters were 

guess rate = 0.01, lapse rate = 0.01, delta (δ) = 0.0123, and 

sigma (σ) = 0.8), and the prior distribution was uniform. The 

test vibration was also obtained using equation (4), and the 

mean of the final distribution gives the upper threshold after 

40 trials (𝑃𝑛+1(𝑥), 𝑛 = 40). For each staircase, the reference 

frequency remained fixed on each trial.  

The upper differential threshold is defined as the minimum 

increment of the frequency needed to discriminate the 

reference and the test vibration with a success rate of 75%. 

Each participant completed three staircases by area to obtain 

three upper differential thresholds. The definitive upper 

threshold of an area was the mean of these three measures. In 

this case, the procedure was repeated three times to get the 

results for each reference frequency. Therefore, considering 8 

areas, the whole experiment consisted of the measurement of 

72 upper differential thresholds (i.e. 24 thresholds per 

participant and reference frequency). 

The total duration to determine all thresholds in 8 areas was 

8 hours per participant. As in the first experiment, it was 

involved to complete all tests without fatigue or distractions. 

Hence, we use a similar procedure (i.e. several sessions to end 

the experiment or a single session) with the same duration for 

each session and the same breaks to reduce fatigue.  

There were four shared features between both experiments: 

1) the randomization of the tested areas; 2) the usage of a pure 

tone of 800 Hz to indicate both presentations; 3) the usage of 

white noise to mask the sound of vibrating motors; 4) the 

usage of similar undershirts for participants. 

The ultimate goal is to settle both upper and lower 

differential thresholds for each area. We can use the 

mechanisms of Weber’s law and the results of upper 

thresholds to estimate the lower differential thresholds for 

whichever reference frequency. 

D. Statistical analysis 

The second experiment estimated the upper differential 

thresholds for eight areas of the torso using three reference 

frequencies (100, 175, or 225 Hz). The analysis of the results 

was performed employing a One-way ANOVA for 

independent measures (Welch’s ANOVA) with the data of 

each reference frequency.  

E. Results 

The upper differential thresholds (in Hz) are shown in Fig. 7 

as a function of the eight areas on the right side for three 

distinct reference frequencies (100, 175, and 225 Hz). The 

graph shows a clear pattern since the differential thresholds 

increase with the growth of the reference value; evidencing 

thresholds are proportional to the intensity of the reference. 

Hence, the differential thresholds are linear: they are around 

10-15 Hz for the first reference frequency (100 Hz); around 

25-35 Hz for the second reference (175 Hz), and 45-50 Hz for 

the third reference (225 Hz).  

Welch’s ANOVA shows significant differences between the 

upper differential thresholds of distinct areas when the 

reference frequency is 100 Hz (𝐹7,31.149 = 2.91, 𝑝 = 0.018). 

Therefore, the differences between areas must be analyzed 

using a posthoc Tukey test, revealing there are significant 

differences between the Upper Right Torso (URT) and several 

areas which Table II reports. Nevertheless, the results of 

Welch’s ANOVA when the reference frequencies are 175 Hz 

(𝐹7,30.73 = 1.037, 𝑝 = 0.426) and 225 Hz (𝐹7,30.79 = 0.622,

𝑝 = 0.733) do not show significant differences among areas. 

The proportionality of the thresholds and the reference 

frequencies are associated with Weber’s law, which proposes 

that the ratio between the upper differential threshold (∆𝐹) and 

the reference frequency (𝐹) is a constant value (𝐾) known as 



Weber fraction (𝐾 = ∆𝐹/𝐹). Thereby, the results of all 

measured thresholds (see Fig. 7) afford to determine Weber 

fraction for each area and reference frequency (see Fig. 8). 

The objective is to get a single Weber fraction which 

embraces the three individual fractions corresponding to the 

three references in a single area. The three K-values were 

adjusted into a line using a linear least-squares fitting, 

obtaining a general fraction for each vest’s area. In such a 

manner, the resulting Weber fraction of each area (i.e. K, the 

slope of the fitted line) serves to attain the theoretical lower 

and upper differential thresholds using the Weber function 

(∆𝐹 = 𝐾 ×  𝐹). The obtained fittings for each area appear in 

Fig. 9, besides the estimated Weber fraction (𝐾) on the top-left 

part of each panel. Additionally, Table III reports the 

estimated K-values and the coefficient of determination (𝑅2). 

The estimated K-values for each analyzed area are reported 

in Fig. 10. The graph shows a striking result since an area 

remarkably differs from the rest (Lower Right Back (LRB) has 

a K-value of 0.231, whereas the remaining areas have K-

values between 0.17 and 0.19). Moreover, the sensitivity of 

the system yields the same results (see Fig. 11), owing to it is 

the reciprocal of Weber fraction (𝑆 = 1/𝐾), and, hence, both 

values are proportional.  

 
The fitted K-values might be used to predict roughly 

whichever upper differential threshold for any reference 

frequency. The procedure consists in selecting a reference 

frequency and an area and predicting the differential threshold 

using Weber function (∆𝐹 = 𝐾 ×  𝐹). The prediction of upper 

differential thresholds is shown in Fig. 12 (solid lines), using 

the K-values from Fig. 9. 

The second objective was to determine the lower 

differential thresholds. Weber’s law provides a method to 

obtain the value of lower differential thresholds for any 

reference frequency using the equation  ∆𝐹 = (𝐾 × 𝐹)/(1 +
𝐾). The predictions (dashed lines) for the three references of 

the experiment are shown in Fig. 12, and the K-value of each 

area is taken from Table III. 

 

 
Fig.7. Upper difference thresholds (∆Fup) for the eight areas tested and three 

standard temporal frequencies. Each symbol and line represents the mean ± 

SEM (Standard Error of Mean). 

 

 

 

TABLE II 

  SIGNIFICANT RESULTS OF TUKEY TEST FOR DIFFERENTIAL THRESHOLDS 

Comparison Difference          SEM         p-value 

URT vs. MRT 7.128 1.938 0.01 

URT vs. LRT 7.053 1.938 0.011 

URT vs. URB 6.444 1.894 0.023 

URT vs. MRB 8.186 1.894 0.001 

MRT vs. RL 7.193 1.938 0.009 

    

Tukey Post-hoc Test for analyzing the differences between areas based 

on the significant difference generated by the One-way ANOVA 

 

 

 

 

          

 

 
Fig.8. Weber fraction (K) as a function of the reference frequency from data 

presented in Fig. 7. Each panel corresponds to an area tested. 



 

VI. DISCUSSION 

Both psychophysical experiments serve to estimate the 

absolute and differential thresholds of several regions of the 

torso. The aim is to establish a psychophysical basis for 

creating haptic patterns using ERM motors. Both thresholds 

allow to create patterns which users always perceive (all 

stimuli must be more intense than the absolute threshold), but 

further, they must readily perceive each successive stimuli by 

using the differential thresholds and Weber’s law during the 

creative procedure. All results (absolute thresholds and K-

values of differential thresholds) are reported in Fig. 13 for 

each area of the vest. As we mentioned before, the perception 

depends on particular values of frequency and amplitude [8]. 

We also use the frequency all through the discussion, but each 

stimulus is also characterized by the amplitude that we can 

obtain using (3).   

Comparing our results with prior studies is certainly 

complex since no many investigations have examined these 

thresholds over the torso (most of the research has their focus 

on other body regions [29] [35]). Previous studies over the 

torso seek to determine other aspects such as the spatial acuity 

[8] [29] or the absolute localization [30] [31]. Even so, the 

usage of our estimated thresholds alongside those studies is 

beneficial to enhance the creation of haptic patterns. 

A. Experiment 1. Absolute Thresholds. 

The main finding of this experiment is the similarity of 

vibrotactile absolute thresholds in all tested regions of the 

torso: the differences between areas of the vest, and between 

the left and right sides of the body are not significant. 

Thereupon, we set the absolute threshold as the average value 

of all tested regions (69.1074 Hz, SEM = 0.7165), which 

remains constant in the front torso and back.  

As a result, all stimuli of a haptic pattern must generate a 

vibration of frequencies above this absolute threshold, 

regardless of the vest’s area wherein the pattern is displayed. 

The adequate option to ensure the perception of whichever 

haptic sequence is to set a superior value to the average (e.g. 

80 Hz), in order to guarantee a broad leeway to create 

perceivable patterns in the entire torso for all users. 

Despite the lack of significant differences among areas, Fig. 

6 shows differences of up to 10-11 Hz (e.g. URT vs LRT) 

which may look like two discernible stimuli. However, the 

results of the second experiment endorse the statistical 

analysis and show that this difference is not significant (i.e. 

both stimuli would seem identical to users). For instance, we 

can estimate the upper differential threshold for the average 

value of the absolute threshold (69.1074 Hz) using the K-

values in order to verify if the predicted differential threshold 

is superior to the maximum difference among areas. Thereby, 

we estimate the differential threshold with the lower K-value   

(see Table III), obtaining an estimation of 11.62 Hz (∆𝐹 =
69.1074 × 0.166 = 11.62 𝐻𝑧) that is higher than the 

difference between the maximum and the minimum absolute 

thresholds (i.e. 75.7229 − 64.5103 = 11.21 𝐻𝑧). 

 

 

          

 

 
Fig.9. Weber fraction (K) estimated from the data shown in Fig. 7 for different 

areas. The fitted value (K) and coefficient of determination (R2) are 

represented in the top-left part of each panel. 

 

TABLE III 

RESULTS OF FITTINGS – WEBER’S LAW 

Area 

WEBER 

FRACTION 

(𝐾 =
∆𝐹

𝐹
) 

Adjusted 𝑅2 

Right Shoulder  0.176 0.856 

Upper Right Torso  0.185 0.952 

Upper Right Back 0.179 0.889 

Medium Right Back 0.166 0.868 

Medium Right Torso 0.186 0.865 

Lower Right Torso 0.172 0.870 

Lower Right Back 0.231 0.815 

Right Lateral 0.189 0.861 

Values of the Weber Fraction (𝐾) estimated by fitting the data presented in 

the Fig. 7. The values of K and the coefficient of determination (𝑅2) are taken 

from the Fig. 9. 



 

B. Experiment 2. Differential Thresholds 

The results show the proportional relation between the 

differential thresholds and the reference frequencies, which 

agrees with the results of previous experiments over other 

areas of the body [49]. The increase of the reference frequency 

entails, in turn, an increase of the average value of the 

differential threshold (see Figs. 7 and 12). In this manner, if 

users perceive a 100 Hz vibration, they will need an increase 

of approximately 10-15 Hz to discriminate the stimulus; 

whereas if the first stimulus is a 225 Hz vibration, they will 

discriminate the next stimulus if the change is about 40-50 Hz.  

 On the other hand, our results show that there are no 

significant differences between differential thresholds when 

the reference frequencies are 175 and 225 Hz; however, there 

is a particular area (Upper Right Torso) which shows 

significant differences concerning other five regions when the 

reference frequency is 100 Hz (see Fig. 9).  

This fact is rather exceptional, and its causes are hardly 

inferable. We discarded hardware troubles since the analysis 

of every staircase does not show plain deviations. Another 

option is the lack of attention due to stress or fatigue, but users 

knew they may stop the experiment if they needed a break or 

were not comfortable. Nevertheless, the fitting of the vest over 

the skin is a likely cause since it can change the contact 

surface of motors, and results might differ [37]. Even so, the 

adjustment and pressure of motors over the skin were verified 

before starting each phase to minimize troubles. Another 

possibility is that the difference might be caused by the motors 

pressing osseous or soft areas; however, this cannot be the 

reason given that the location of actuators was thoroughly 

examined to avoid placing them over bone tissue, even though 

bodies vary as regards size and shape. 

Our results indicate that differential thresholds follow 

Weber’s law. We have estimated Weber fractions (𝐾) for each 

separate area, obtaining K-values that oscillate between 0.17 

and 0.19, which are values rather akin to others from previous 

studies over fingers or forearm [36] [50]. The LRB area has a 

value of 0.231 (Figs. 7 and 8 reveal a value following a 

different tendency in that area) which is notably different to 

the rest of areas (as the sensitivity plot also shows in Fig. 11). 

This difference indicates that, under certain conditions, the 

thresholds might vary, but those differences are not conclusive 

since the variations occur in a particular case that is not 

enough to be generalized.  In the light of the results, we can 

conclude that differential thresholds are similar across the 

vest’s areas, and therefore we could use a single K-value to 

create haptic patterns in a generalized way for the entire vest. 

 Lower differential thresholds are also based on K-values 

and reference frequencies, and predictions have the same 

pattern as the upper thresholds (see Fig. 12). Note that 

according to Weber’s law, lower thresholds require a smaller 

difference (e.g. for a reference of 225 Hz, the upper threshold 

is around 40 Hz, and the lower threshold is around 35 Hz). 

Therefore, selecting a K-value (e.g. K = 0.2) and a reference 

frequency (e.g. 100 Hz), it is possible to determine the upper 

and lower frequency that a user can discriminate according to 

Weber’s law. For instance, if the first phase of a pattern is a 

stimulus of 100 Hz, users can solely discriminate a vibration 

Fig.10. Weber fractions (see Table III) for different areas. 

 

 

 

 Fig.11. Sensitivity for different areas (see Fig. 4). Sensitivity was estimated 

as the reciprocal of Weber fraction using the K-values from Table 2. Note that 

areas are ordered from highest (left) to lowest (right) sensitivity. 

 

 

 

 
 Fig.12. Predicted differential thresholds (∆F) for different areas using the 

estimated values of K from Fig. 9. Solid lines represent the upper difference 

threshold and dashed lines represent the lower difference threshold. 

 

 

 



of 120 Hz (100 + 100 × 0.2 = 120) as a distinct stimulus 

from the pattern (note that if we used the estimated K-value, 

the vibrations would be discriminable with a success rate of 

75%, according to the followed procedure).  

In summary, results of both thresholds are similar among 

areas, and it is viable to create haptic patterns using constant 

values given that users evenly perceive stimuli over the entire 

torso. In this manner, a pattern composed of three successive 

vibrotactile stimuli would have some requisites. The three 

stimuli must vibrate with frequencies above the absolute 

threshold (e.g. 80 Hz or superior). Moreover each successive 

stimulus must fulfill the differential threshold estimated with 

Weber’s law. To this end, the K-value must be slightly 

superior to the experimental ones (e.g. K = 0.2), and if the first 

vibration is of 100 Hz, the next one must be of 120 Hz or 

higher to ensure the perception of both stimuli. 

C. Additional Considerations 

The distribution of mechanoreceptors over the torso is a 

leading aspect to comprehend the results. Pacinian corpuscles 

are the main involved in the perception over the torso since 

they detect vibrotactile stimuli between 40 and 600 Hz, 

approximately (i.e. a range which includes the entire vibratory 

range of motors). Moreover, they are distributed widely over 

the front torso and the back [50], which might clearly explain 

the resemblance of results. Other receptors might also 

condition the perception, but their influence is negligible. Hair 

receptors in the torso perceive vibrations as well, but their 

distribution is not uniform and it hinges on the body area or 

the gender (male or female). Moreover, they only become 

activated with low-frequency vibrations and high amplitudes 

(20-50 Hz) that this motor does not reach. Ruffini cylinders 

are only in the hands, and the Meissner corpuscles can solely 

detect low-frequency contacts (10-50 Hz) [50] [51] [52] [53]. 

Rise and drop times of ERM motors may affect the 

perception of vibrotactile stimuli. However, vibrations only 

activate Pacinian corpuscles during those times since the 

remaining receptors do not respond to frequencies lower than 

minimum frequency of this motor (i.e. 63 Hz). Thus, obtained 

results are reliable because each stimulus always reached the 

target frequency (i.e. durations were longer than 100 ms). 

Both the absolute and differential vibrotactile thresholds 

have been obtained using an ERM motor with specific features 

(frequency, amplitude or voltages). However, other haptic 

devices may use different actuators (e.g. coin motors or 

LRAs), which further can offer control over the amplitude 

separately, providing more possibilities to create patterns. 

Therefore, the results of these studies may be applied provided 

that the features of actuators are similar to the ERM motors 

used in this paper [37]. Otherwise, it would be needed to 

repeat the experiments in order to ascertain the similarities and 

the applicability of these results to create haptic patterns with 

other vibrotactile actuators [37]. 

Results serve to establish a guideline for creating haptic 

patterns with a vest which includes ERM motors. Not only do 

these thresholds and the spatial acuity need to be considered, 

but other phenomena can strengthen the creation of haptic 

feedback. There exist aspects directly related to the creation 

such as the directionality of vibrations or the spans between 

successive stimuli, whose adjustment can enhance the 

conveyance of information [3] [54]. Furthermore, the 

orientation of motors (vertical or horizontal) may also be 

relevant. It would be suitable to conduct additional research to 

ascertain how to use those aspects and how they affect the 

spatial acuity or the thresholds (either absolute or differential). 

Likewise, there are some outstanding psychophysical 

phenomena such as the spatial summation, although a proper 

distribution of motors according to the spatial acuity should 

minimize or remove its influence [12]. Moreover, users can 

undergo either adaption or masking, which dynamically 

changes the thresholds [13] [14]; thus, the patterns must be 

adjusted by continuously altering the sequence or using offset 

times to prevent these effects [8] [25]. 

Our results can vastly simplify subsequent studies since 

they show the uniformity of vibrotactile perception in the 

torso. Additional experiments could be conducted over some 

specific areas since results would also be generalizable, either 

to extend the knowledge of these ERM motors or to ascertain 

psychophysical values with other actuators. 

VII. CONCLUSIONS 

This paper proposes the characterization of the vibrotactile 

perception over the entire torso by defining some distinctive 

parameters using a vibration ERM motor. Thereby, haptic 

patterns can be created based on reliable empirical results to 

render them by using a haptic vest containing these particular 

motors. Those patterns can convey accurate information to 

users via a haptic vest (either through intricate patterns coming 

from a virtual scenario, navigation cues, or other means). The 

vibrotactile spatial acuity, the absolute and the differential 

vibrotactile thresholds are the most relevant parameters to 

create patterns adequately. There are plenty of studies about 

spatial acuity, but both absolute and differential thresholds are 

mostly unexplored. Our results shed light over these unknown 

but crucial aspects to develop dependable vibrotactile patterns. 

Results of the first experiment show that the estimation of 

absolute thresholds is almost constant in the entire torso, 

which is the first step to generalize the creation of haptic 

patterns. It is then feasible to set a value which serves as a 

reference to create vibrotactile stimuli. That value must be 

superior to the empirical average threshold (i.e. 64.8 Hz) to 

ensure every stimulus is always perceivable in the front torso 

or the back (e.g. 80 Hz or above). 

 
 Fig.13. Results of absolute threshold (AT) across the areas (at Hz) and K-

value (KVal) of Weber’s law of the differential thresholds on right areas 

 

 

 



The estimation of differential thresholds from the second 

experiment shows the same trend. We measured differential 

vibrotactile thresholds for three reference frequencies in order 

to obtain Weber fractions (i.e. K-values). Those values are 

similar in the entire torso, even though there is a significant 

difference which is disposable since it only appears in a 

particular case. We can then set the same K-value to estimate 

any differential threshold according to Weber’s law. 

Moreover, that K-value allows an easy estimation both the 

upper and lower differential thresholds throughout the 

vibratory range of these motors. 

It is not advisable to adopt these particular values without 

verifying the motors’ features in advance due to values can 

substantially change. However, this procedure may be valid to 

obtain those values for whichever motor regardless of their 

features. Moreover, these results also evince the perception is 

similar in the entire torso, and we can create haptic patterns in 

a generalized way, which are easily discriminable, detectable, 

and relatable to specific instructions from human-machine 

systems that include analogous haptic devices. 
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