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ABSTRACT 

This paper introduces a multi-actuator tactile device designed for 
remote touch communication. While closely-spaced high-
frequency vibrotactile actuators can be difficult to distinguish, our 
system utilized four linear DC motors for presenting spatial tactile 
messages through low-frequency actuation. An experiment was 
conducted to determine accuracy for recognizing stimuli 
presented on the palm of the hand. Participants were asked to 
identify 10 predefined stimulus patterns created from the four 
linear actuators positioned in either a diamond or square 
configuration. Results showed that positional, linear, and circular 
stimuli were recognized with mean response accuracies of 98.8, 
96.5, and 90.2 %, respectively. No statistically significant 
differences were found between the actuator configurations. These 
findings can be utilized in developing a remote communication 
channel that supports the transfer of spatial aspects of touch such 
as mapping the location of finger touch of one user to tactile 
sensation on the palm of another user. 
 

KEYWORDS: Haptics, tactile communication, tactile stimulation, 
spatial feedback. 
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1 INTRODUCTION 

Touch is an essential part of social interaction between people. It 

is used in our daily lives for expressing, for example, support and 

compliance [9]. Due to the inherent requirement of a shared 

physical space, interaction via the sense of touch has traditionally 

been limited to face-to-face situations. Recently, there has been a 

range of research on developing a remote touch communication 

channel. The studies have strived for simulating a human touch by 

using artificial haptic stimulation. Encouragingly, partial support 

has been found for the assumption that mediated social touch and 

real touch are perceived similarly [5]. Also, it has been argued 

that emotional content can be transferred between two users via 

haptics [18]. 

In several previous studies, the user’s hand has been used as a 

site for presenting remotely created tactile feedback (i.e., touch 

messages). The hand is an area that is classified as a non-

vulnerable body part in terms of acceptability of touch [9] and is 

highly sensitive to touch stimulation [12]. The fingertip, in 

particular, has been widely utilized in tactile displays (e.g., 

[13][22]) due to its superior tactile sensitivity. However, from the 

point of view of interpersonal touch communication, the available 

skin area of the fingertip is not large enough for presenting multi-

dimensional touches in their original scale (e.g., sensation caused 

by stroking). The palm has larger stimulation area and sufficient 

spatial resolution as two contact points are perceived as separate 

when they are positioned at least 10 mm apart [20]. Also, when 

carrying a mobile device, the palm is usually in contact with the 

back of the device body. Despite the available stimulation area, 

most hand-held tactile communication devices have utilized a 

single actuator [2][6]. This limits the expressiveness of the device 

as no directional information on touches (e.g., direction of finger 

stroke) can be presented. With multiple actuators, it is possible to 

simulate these spatial features by creating apparent tactile 

movement that is perceived as a single moving sensation instead 

of several discrete stimuli [17]. This illusion can also be achieved 

by controlling feedback intensities between actuator locations 

[16][23]. A recent study showed that users preferred multiple 

actuators and spatial stimulation to a single actuator when 

evaluating a hand-held tactile communication device [14]. 

The dominant solution to stimulate the user’s hand has been to 

use vibrotactile actuators (e.g., [4][6][14]) that are usually 

designed to be driven with frequencies from 200 to 300 Hz. 

Although vibrotactile actuators are small, inexpensive, and 

provide relatively efficient feedback, they have certain 

characteristics that hinder their usefulness in presenting spatial 

tactile messages to the user’s palm. Firstly, of the four 

mechanoreceptors found in the glabrous skin of the human hand, 

previous vibrotactile communication devices have primarily 

stimulated the Pacinian corpuscles. Due to the fact that these 

receptors are located in the deeper layers of the skin and have 

large receptive fields [8], they do not have central role in tactile 

perception of spatial features [11]. Therefore, when several 

vibrotactile actuators are stimulating the palm, it is possible that a 

single receptor field responds to multiple stimulation sources. In 

such a case, it can be hard for a user to reliably distinguish the 

spatial features of the feedback. 

Moreover, attaching several actuators to a lightweight, non-

grounded device is challenging. Concurrent feedback signals can 

disperse and get mixed, which results in feedback that is felt 

across the whole device body. The very purpose of some 

vibrotactile actuators such as motors with eccentric rotating 

weights is to create non-localized and rough vibration (e.g., 

vibration alert when one receives a phone call). Thus, using the 

same actuators for creating localized sensations is not advisable. 

For instance, in an earlier study [15], six vibrotactile actuators 

were attached to the sides of a rigid mobile device mockup. The 

low accuracy for locating a single actuator (36 %) can be due to 

mixed feedback signals. There have been attempts to isolate the 

vibrating actuators from the rest of the device body [14][21]. 

Also, the dispersion effect can be attenuated by placing actuators 

in soft materials [23].  
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The process of implementing a communication device for 

spatial touch stimulation should be guided by the knowledge of 

the properties of the skin. The fine spatial sensitivity of glabrous 

skin in the hand is accounted for by the superficial Merkel disks 

and Meissner corpuscles [19]. In everyday touch interaction, these 

mechanoreceptors respond to a wide range of touch stimuli such 

as tapping, motion, flutter, skin indentation, and pressure, while 

the Pacinian corpuscles respond mainly to tickling [10]. The 

Merkel disks and Meissner corpuscles are known to be most 

sensitive to low-frequency stimulation of 7-40 Hz [10]. 

To create tactile feedback suitable for activating these 

receptors, one alternative is to use linear actuators that operate 

perpendicularly to the skin. Stimulation caused by linear 

indentation is highly localized by its nature. Small linear actuators 

have been used widely in developing miniature pin-array displays 

that stimulate the user’s fingertip (e.g., [22]). In haptic 

communication research, multiple linear solenoid actuators have 

been used in a haptic scarf to simulate a stroking sensation from a 

continuous series of short pokes [1]. The resulting sensation was 

interpreted as tapping by users. 

The present study sought to address the above challenges of 

standard vibration by using low-frequency linear actuation. A 

tactile communication device prototype was implemented for this 

purpose. The device utilized four linear DC motor actuators that 

were in direct contact with the user’s palm. To assess the 

suitableness of the device for sensing tactile messages, an 

experiment was conducted where participants recognized 

predefined stimuli. The stimuli were adapted from an earlier study 

where vibrotactile feedback was used for supporting interaction 

with a mobile touchscreen device [23]. In addition, we wanted to 

investigate whether the configuration of actuators on the palm 

affects response accuracy. Thus, we used two actuator 

configurations – diamond and square. Also, we varied the 

stimulus duration to see whether longer presentation times 

facilitate the recognition of multi-actuator tactile messages. 

2 METHODS 

2.1 Participants 

A total of 14 participants volunteered to take part in the study 

(mean age 24.5, range 19-31 years). All participants signed 

informed consent forms and were either students or employees at 

Stanford University. Seven of the participants were male and 

seven female. Each participant reported holding mobile touch-

screen devices in their left hand in everyday use. 

2.2 Apparatus 

A hand-held tactile device was used in the experiment (Figures 1 

and 2). The device was designed so that it could be held 

comfortably in one’s hand. In order to create contact all across the 

 

            
 

 

                        (a)                                    (b) 

Figure 1. The 3D model of the prototype device shown from the 

side (a) and top (b).  

     

                           (a)                                   (b) 

Figure 2. The prototype device with actuators and lid attached (a). 

The linear actuator (b) with magnetic housing (1), coil (2), and 

end-effector pin (3). 

user’s palm, the bottom half of the device was rounded (Figures 

1a and 2a). The overall dimensions of the polymer form were 70 × 

35 mm (diameter × height). Four linear DC motors (LVCM-013-

013-02 from MotiCont) were used in the device. Before assembly, 

the actuators consisted of two separate parts: the magnetic 

housing and the coil (Figure 2b). At mid-stroke position (as 

shown in Figure 2b), dimensions of the two combined parts were 

13 × 20 mm (diameter × height). These actuators were chosen as 

they provided strong feedback and a sufficient stroke length of 6.4 

mm. Four actuators were used because it was the minimum 

number that could present the four main directions of movement 

(i.e., left, right, forward, and backward).  

In order to create localized touch sensations, end-effector pins 

were screwed to the magnetic housings (Figure 2b). The diameter 

and length of the pins were 3.18 and 15 mm, respectively. Four 

holes were drilled to the bottom of the device (Figure 1b) so that 

the pins made direct contact with the user’s palm. A transparent 

lid was placed on top of the device for rigidly attaching the non-

moving coil parts (Figure 2a). When the device was held in the 

hand without applying a driving signal, the pins pushed gently 

against the palm and caused the magnetic housings to retract to 

the mid-stroke position. The four pins formed a square where the 

length of a side and, thus, the distance between contact points was 

30 mm. This distance was well above the two-point discrimi-

nation threshold of 10 mm [20]. 

A Java application controlled the experimental procedure and 

provided an answering mechanism to the participants. The 

actuators were driven using audio signals. The signals were 

created using Pure Data (PD) audio synthesizer software. The 

Java and PD applications communicated via a socket connection. 

The created signals were fed to two external Gigaport HD USB 

sound cards for amplification. Amplified signals were forwarded 

to the four actuators. 

2.3 Design and Stimuli 

The experiment was a within-subject repeated measures design. 

The stimuli in the experiment were varied by pattern, actuator 

configuration, and duration. A total of 10 different patterns were 

used. The patterns adapted from a previous study [23] were 

divided into three categories (Tables 1 and 2). First, positional 

patterns activated a single actuator. Second, depending on the 

actuator configuration, linear patterns activated either two or four 

actuators so that the resulting sensation represented a linear 

movement. Third, circular patterns activated all four actuators 

creating either a clockwise or counter-clockwise movement. The 

used actuator configurations were diamond (Table 1) and square 

(Table 2). To change between the configurations, the device was 

rotated 45°. Two values were chosen for varying the stimulus 

duration. Pilot tests suggested that the initial duration of one 

��

��

��

������

���

���

������

102



second might be too short for recognizing stimuli that utilized all 

four actuators. Therefore, both one and two second long stimuli 

were used. The total duration of a stimulus was fixed regardless of 

the number of used actuators. For example, a second long circular 

stimulus consisted of four separate activations of 250 milli-

seconds. 

The audio signal used for driving the actuators was a 15 Hz sine 

wave. The frequency fell in the sensitivity range of the superficial 

skin receptors (i.e., 7-40 Hz). The actuators were driven with an 

output power of 0.06 W. No funneling was used to modify the 

illusory movement between actuators as in some previous studies 

with vibrotactile feedback [3][16][23]. That is, the amplitude of 

the sine wave was constant throughout actuator activation. 

2.4 Procedure 

Participants were told that the purpose of the experiment was to 

evaluate a hand-held device that provided tactile stimulation. The 

device was held so that the four actuators were always in contact 

with the participant’s palm. The participant was advised to let the 

device rest on the palm instead of squeezing or gripping it (Figure 

3a). The device was held in the hand that the participant normally 

used for holding a mobile touchscreen device (i.e., left hand for all  

 

         

                 (a)                                         (b) 

Figure 3. Prototype device (a) held in the diamond configuration 

(rotating 45º made the square configuration). The 

experimental interface (b) showing the response options for 

the diamond configuration. 

participants). Noise-blocking headphones were used to ensure that 

audio created by actuation was not perceived. In addition, a piece 

of cardboard was attached on top of the device in order to prevent 

the participant from obtaining visual cues of actuation. Soft foam 

was placed under the participant’s hand to prevent fatigue when 

holding the device. 

The experiment was divided into two blocks based on the two 

actuator configurations. The order of the blocks was counter-

balanced so that successive participants started with different 

actuator configurations. The participant’s task was to sense and 

recognize predefined stimuli. Available response icons (Figure 

3b) were shown and described verbally to the participant before 

starting the experiment. Response icons for the positional patterns 

were configuration-specific, whereas for the linear and circular 

patterns the same response icons were used. 

In the beginning of the first block, the current actuator 

configuration (i.e., diamond or square) was introduced to the 

participant. Then, a practice session of eight trials started. The 

practice stimuli were different than the ones used in the actual test 

session. The participant used a computer mouse with his/her other 

hand to initiate the first practice stimulus. The stimulus started 

after a four second delay. After the stimulus was presented, 

response icons appeared on the screen of a laptop PC. 

The participant had to click on an icon to proceed to the next 

trial. The actual test session proceeded similarly to the practice 

session. After finishing the first test block, a short break was taken 

before continuing to the second block. Each pattern was presented 

twice during both blocks in a randomized order. Thus, a total of 

80 stimuli (10 patterns × 2 durations × 2 configurations × 2 

repeats) were presented to each participant. The entire experiment 

took approximately 30 minutes.  

2.5 Data analysis 

The frequencies of correct responses were first analyzed with 

Friedman tests. Wilcoxon signed-ranks tests were used for 

pairwise comparisons. 

3 RESULTS 

Mean response accuracies for positional (i.e., bottom, top, left, 

and right), linear (i.e., bottom-top, top-bottom, left-right, and 

right-left), and circular (i.e., clockwise and counter-clockwise) 

stimuli with the diamond configuration were 97.9, 94.7, and 89.3 

%, respectively. For the square configuration, the corresponding 

accuracies were 99.6, 98.2, and 91.1 %. The combined mean 

accuracies of both configurations were 98.8, 96.5, and 90.2 %. 

That is, the accuracy of recognizing an arbitrary stimulus was 95.1 

%. Participants’ mean response times from the offset of a stimulus 

to the click of a response icon were 3.3 seconds for both actuator 

configurations. 

Two separate analyses were conducted for the response 

accuracies of positional stimuli as the response icons were 

different for the two configurations. For the positional diamond 

stimuli, the Friedman test showed a statistically significant effect 

of response accuracy X² = 15.2, p < 0.05. However, Wilcoxon 

signed-rank tests did not show significant differences between 

stimulus pairs. For the positional square stimuli, the Friedman test 

did not show a significant effect. Similarly, two further Friedman 

tests did not show significant effects for the linear or circular 

stimuli. The confusion matrices for the diamond and square 

stimuli are shown in Tables 3 and 4, respectively. In order to 

simplify the matrices, and especially since Wilcoxon signed-rank 

tests did not show significant differences between one and two 

second long stimuli, responses were summed over duration. 

 

 

Table 1. Patterns for the diamond configuration. 
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Table 2. Patterns for the square configuration. 
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Table 3. Confusion matrix for the diamond stimuli. The numbers in bold font represent the number of correct user responses. 
The numbers in parentheses represent the distribution of user responses in percentages. 
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Table 4. Confusion matrix for the square stimuli. The numbers in bold font represent the number of correct user responses. 
The numbers in parentheses represent the distribution of user responses in percentages. 
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4 DISCUSSION 

The results showed that the participants could recognize spatial 

tactile stimuli presented to the palm in a robust fashion (i.e., with 

a mean accuracy of 95.1 %). The positional stimuli were 

recognized almost perfectly as 448 trials resulted in only four 

incorrect answers (see Tables 3 and 4). The mean response 

accuracies for the linear stimuli were comparable despite the 

different pattern designs in square and diamond configurations. In 

the square configuration, all four actuators were used, whereas in 

the diamond configuration only two actuators were active. The 

results showed that two actuators were sufficient for creating 

distinguishable linear stimuli. There was a tendency to recognize 

anteroposterior stimuli (i.e., top-bottom and bottom-top) better 

than the mediolateral ones (i.e., left-right and right-left). However, 

no statistically significant effect was found between the 

dimensions. The mean response accuracies for the circular stimuli 

were on average 7.6 % lower compared to the positional and 

linear stimuli. All but one of the incorrect answers were caused by 

confusion about the direction of circular movement (i.e., 

clockwise patterns were perceived as counter-clockwise and vice 

versa). This indicated that the circular stimuli were highly 

distinctive in relation to the other stimuli. 

Overall, the results showed no statistically significant 

differences between the two actuator configurations. Similarities 

between the configurations were also demonstrated by the 

participants’ mean response times that were identical for both 

configurations. In terms of the two stimulus durations, no 

statistically significant differences were found. Thus, the results 

showed that also the shortest activations of 250 milliseconds in 

circular stimuli were long enough for recognizing the actuator 

locations. 

A partial comparison can be made between the current results 
and earlier work conducted with vibrotactile actuators [23]. In the 
earlier study by Yatani and Truong, an actuator setting was used 
that was otherwise similar to the diamond configuration, but had a 
fifth actuator placed in the middle of the four. Therefore, it is not 
meaningful to compare the positional patterns as the number of 
response options was different. For the linear patterns, on the 
other hand, a general comparison is feasible as the same four main 
directions of movement were used in both studies. Also, the 
designs of circular patterns were identical in both studies. That is, 
four actuators were driven sequentially starting from the top one. 
In the earlier study, mean response accuracies of 90.2 and 74.6 % 
were reported for the linear and circular patterns, respectively. 
When compared to the corresponding mean (diamond) accuracies 
of 94.7 and 89.3 % of the current study, we can see that 
recognizing the patterns was easier with linear actuation. In 
particular, the current mean response accuracies for counter-
clockwise patterns were noticeably higher compared to the earlier 
study (i.e., 91.1 and 65.8 %). Although there were certain 
differences in the setups of these two studies, the above 
comparison suggests that the current device design using linear 
actuation performed better in presenting spatial tactile messages to 
the user’s hand. 

Our first aim in implementing the prototype device was to 

minimize the actuation effect on the device body and, thus, create 

highly localized tactile sensations. The linear DC motors were 

suitable in this respect as the free movement of the magnetic 

housing directed practically all actuation energy to the user’s 

palm. With this actuator solution, we were able to avoid the 

dispersion of actuation energy to the device body that complicates 

the recognition of multiple actuation sources [15]. The second aim 

was to present spatial messages reliably instead of maximizing the 

resolution of the tactile display. It should be noted that a range of 

research has been carried out to optimize the dimensions and 

information transfer capabilities of miniature linear displays (e.g., 

[22]). The current decision to incorporate four actuators seemed 

justified as the participants could distinguish the different 

messages with high accuracy. The ceiling effect (i.e., 100 % 

response accuracy) observed with some stimuli suggests that the 

device would have supported more complex stimulus designs. The 

chosen actuator count proved to be flexible in that the recognition 

of tactile messages was not dependent on a specific actuator 

configuration. One limitation with the current implementation was 

the fact that the two-part DC motors functioned properly only in 

an upright position. Tilting the device more than 90° caused the 

magnetic housing to slide inside the coil part which prevented 

actuation. This could be resolved by attaching appropriate 

stoppers between the parts. 

It can be argued that the evaluated linear stimulation method 
supported the presentation of spatial tactile messages with a hand-
held device. As reviewed in the introduction, previous multi-
actuator solutions have mainly utilized high-frequency vibrotactile 
stimulation despite the challenges in differentiating the different 
actuator sources. The current results suggest that linear actuators 
are preferable when multi-actuator tactile messages are desired on 
the palm area. From the point of view of everyday touch 
interaction, linear stimulation has potential to mimic several touch 
types. For example, tapping, patting, and stroking are tactile 
behaviors that could possibly be represented using linear 
actuators. At the same time, it should be noted that the human 
tactile system is extremely complex. In addition to the tactile 
behaviors, touch can vary in its intensity, velocity, abruptness, 
temperature, location, and duration [7]. Therefore, replicating all 
the characteristics of a real touch is a challenging if not 
impossible task with today’s actuator technology. Acknowledging 
this general limitation, this work evaluated a stimulation method 
that was founded on the capabilities and everyday use of the 
cutaneous sense. 

In reflecting our results in the light of tactile communication 

research, this study showed that linear, low-frequency actuation is 

a feasible technology for presenting the spatial aspects of tactile 

messages. With a spatial actuation solution, tactile communication 

devices could present users’ real tactile behaviors in a more 

precise manner. Although the current study was limited in the 

sense that the participants perceived predefined messages 

passively, we wanted to take this as a first step and evaluate the 

prototype in a controlled fashion. In future work, a sensing 

mechanism will be added to the top of the device so that users can 

compose their own tactile messages using finger strokes similarly 

to a previous study [14]. The location of touch input will be 

mapped to the locations of the four actuators on the bottom of the 

device. Thus, when two devices are connected, a touch of one user 

will result in a tactile sensation on the palm of another user. The 

fact that the simple tactile messages were recognized in a robust 

fashion is encouraging as the user-created messages would in 

practice be combinations of the very same patterns. In addition, 

further research is needed to determine whether users perceive 

linear actuation as more touch-like than vibrotactile feedback. 

5 CONCLUSION 

This research sought to improve the design of hand-held tactile 
communication devices by using four linear actuators to provide 
spatial messages to the user’s palm. Experimental results showed 
that participants recognized predefined stimuli with a mean 
accuracy of 95.1 % when varying the stimulus pattern, actuator 
configuration, and duration. The contribution of this study is that 
it introduced linear actuation as a more spatially accurate 
alternative to high-frequency vibrotactile stimulation that is 
traditionally used in hand-held tactile communication devices. 
Spatiality plays an essential role in supporting the transfer of 
touches with directional information (e.g., direction of a finger 
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stroke) between remote users. In addition, from the perspective of 
cutaneous sensing, linear low-frequency actuation has potential to 
deliver touch-like tactile sensations with remote communication 
devices. Further research needs to be conducted to determine the 
value of linear actuation in an actual remote communication 
setting. 
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