
0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3120490, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

 

Abstract—Tactile devices provide an intuitive way for 
texture display, which allows users to perceive the detailed 
surface properties of virtual or remote objects. For existing 
tactile devices that create actual topographical 
transformations, it remains challenging to render surface 
textures with high spatial resolution due to the limitation of 
the size of actuators. To address this challenge, a 
magnetically responsive soft actuator with a diameter of 1 
mm is proposed. Integrating the high-density soft actuator 
array and a soft membrane bracket, we develop a 
magnetically responsive soft tactile device (named 
MRS-Tex) for texture display. When a magnetic field is 
applied, the magnetic units will sink to form pits, and the 
soft membrane bracket resists the finger pressure so that 
users can perceive the rendered surface texture. Thanks to 
the proposed sunken solution, MRS-Tex is capable of 
rendering surface textures with millimeter-level resolution 
(1.5 mm) while providing the sufficient upward holding 
force. Moreover, we conduct quantitative experiments and 
two user studies to evaluate the performance of MRS-Tex. 
Experimental results show that MRS-Tex can generate pits 
with a depth of more than 0.20 mm, which is sufficient for 
rendering perceivable surface textures. The average 
discrimination accuracy of user study can reach up to 82% 
for both six basic texture patterns and four complex texture 
patterns. 

 
Index Terms—Magnetic soft materials, soft actuator 

array, surface texture, texture display, tactile device. 

I. INTRODUCTION 

A S one of the most important sensory functions for human 
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perception, tactile perception not only endows us the ability to 

interact with the physical world, but also significantly enriches 

our daily life, playing an important role in a wide range of 

applications such as robotics, wearable devices, and health care 

[1-7]. In the real world, humans perceive tactile information 

mainly through the surface texture of objects, making it easy to 

discriminate huge varieties of fabrics, appreciate delicate 

sculptures, and read braille books [8]. 

The surface texture of an object is characterized by its 

surface morphology in terms of continuous micro-scale 

changes in height. The relative height difference between 

adjacent positions forms uneven grooves. To present the texture 

information to a user, different technologies have been 

developed to design tactile devices for texture display. 

According to the operating principle, the existing tactile 

devices can be categorized to the one simulating the perception 

of texture change via sensory manipulation for tactile feedback, 

and the other physically forming actual topographical features 

on the device surface for texture perception. 

Many techniques have been developed for texture display via 

sensory manipulation, such as electrotactile effects (i.e., 

vibration-like sensations due to the electrostimulation between 

the wired electrode and the skin) [9], electrostatic adherence 

[10-12], piezoelectric effects [13, 14], surface acoustic waves 

[15, 16], etc. These techniques simulate texture changes 

without creating actual topographical transformations, making 

it difficult to produce localized tactile feedback. Furthermore, 

due to differences in individual skin characteristics, some users 

cannot effectively perceive the texture information using these 

techniques. For example, when using electrostatic devices, 

some users’ perception ability is greatly affected by the cuticle 

thickness and wettability of their fingertip skin. 

To overcome the shortcomings of the abovementioned 

techniques, some researchers resorted to physically form actual 

topographical features for texture display. The actuation 

methods for this purpose include electroactive actuators [17], 

pneumatic actuators [18], shape memory polymer actuators 

[19], artificial muscles [20], etc. These methods form textures 

by raising certain units under the actuation of actuators. As 

mentioned in [21], the target resolution is 1 mm for an ideal 

tactile device. Limited by the size of actuators, however, the 

tactile devices in [17-20] have a resolution greater than 3 mm. It 

remains a challenge to design a smaller actuator required for 

tactile devices with higher spatial resolution. 

Stimuli-responsive materials have attractive potential in 

designing and fabricating miniaturized actuators, such as light 
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[22, 23], temperature [24], and magnetic materials (magnets, 

coils, or magnetic soft materials) [25-27]. Among them, 

magnetic soft materials have been widely used in soft robots, 

drug delivery, medical applications, etc. [27-29]. Under applied 

magnetic fields, the magnetic particles embedded in the 

magnetic soft materials can be regarded as distributed actuation 

sources, which enables the actuator readily to reach millimeter 

level. Inspired by this advantage, we design a flexible magnetic 

unit (named magnetically responsive soft actuator, MRSA) for 

the tactile device. Nevertheless, the MRSA is soft, failing to 

provide a sufficient upward holding force (100 mN) [19, 30] to 

resist users’ finger pressure like the existing actuators [17-19]. 

Observing that textures of an object surface can be profiled 

by both concave and convex, we propose a sunken solution in 

which concave rather convex is formulated to generate 

geometric profiles encoded in the target texture pattern. In other 

words, due to the concave forming pit on the surface, the 

MRSA does not need to provide the upward holding force to 

resist the pressure exerted by fingers. Combining a number of 

MRSAs with a thin film, we prepare a MRSA array arranged in 

a certain manner. Integrating the MRSA array with the 

specifically designed soft membrane bracket, a novel 

magnetically responsive soft tactile device (named MRS-Tex) 

is proposed for texture display. Under the applied magnetic 

field, magnetic units arranged in a pre-defined manner can form 

a specific pattern of pits, producing the desired texture on the 

surface of MRS-Tex. Benefiting from the advantage that 

MRSA can be easily miniaturized, MRS-Tex has a 

millimeter-level spatial resolution (1.5 mm). 

II. WORKING PRINCIPLE AND FABRICATION PROCESSES 

A. Working principle of MRS-Tex 

MRS-Tex for texture display is composed of ferromagnetic 

materials and soft polymer. Specifically, the magnetized or 

magnetizable particles (namely ferromagnetic materials) are 

uniformly embedded in the soft polymer. Exploiting magnetic 

forces generated from the embedded particles under applied 

magnetic fields, magnetic soft materials can be remotely 

actuated and controlled accurately. 

The principle of MRS-Tex is depicted in Fig. 1, where the 

magnetic units adhered with the thin film are assembled into the 

membrane bracket. At the initial state, the magnetic units are 

not in action, and the thin film is completely flat. While excited 

by an applied magnetic field, the magnetic units sink a certain 

distance, thus creating a pit on the thin film. In this way, a 

pattern of pits can be formed to represent a desired texture 

pattern on the MRS-Tex. When the magnetic field is removed, 

the magnetic units return to the initial state due to the elastic 

thin film. Compared with the existing tactile devices [17-19], 

MRS-Tex provides an upward holding force via the membrane 

bracket rather than via the actuators. Therefore, the actuators of 

MRS-Tex can be designed to be relatively small to meet the 

requirement of high spatial resolution. 

B. Fabrication of MRSA array 

The fabrication process for the MRSA array is depicted in 

Fig 2. First, Part A and Part B of Ecoflex 00-30 (Smooth-On 

Inc., USA) are mixed in a 1:1 mass ratio (Fig. 2(a)). Magnetic 

neodymium-iron-boron (NdFeB) particles with an average size 

of 5 µm (LW-BA-16-7A-2000, Guangzhou Xinnuode 

Transmission Parts Co., Ltd, China) are then added into the 

mixed Ecoflex to obtain the composite ink (Fig. 2(b)). Next, the 

 
Fig. 2.  Fabrication process of MRSA array. (a) Mixing two components of Ecoflex. (b) Adding NdFeB particles into the mixed Ecoflex to prepare 
composite ink. (c) Evacuating air from composite ink. (d) Injecting composite ink into the holes of a 3D printed mold and then curing for five hours. (e) 
Mixing two components of Dragon Skin. (f) Evacuating air from mixed Dragon Skin. (g) Pouring mixed Dragon Skin onto the top surface of the 3D 
printed mold to form a thin film. (h) Evacuating air from thin film and curing for five hours. (i) Demolding process of cured MRSA array. (j) 
Magnetization process of MRSA array. 
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Fig. 1.  Working principle of our MRS-Tex producing deformation in 
vertical direction.  
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well-mixed composite ink is evacuated in a vacuum furnace 

until the air bubbles are no longer visible (Fig. 2(c)). After that, 

the composite ink is injected into a 3D printed mold to form 

unmagnetized units (Fig. 2 (d)).  

Once the composite ink is cured, the Dragon Skin 10 

(Smooth-On Inc., USA) mixed by Part A and Part B with a 1:1 

mass ratio is evacuated for 10 min to remove the air bubbles 

(Fig. 2 (e) and Fig. 2(f)). Then the mixed Dragon Skin 10 is 

poured onto the top surface of the 3D printed mold to prepare 

the thin film (Fig. 2 (g)). The thin film with a thickness of 

approximately 0.2 mm adheres automatically to the magnetic 

units to form a whole MRSA array. After vacuuming, the 

MRSA array is cured for five hours (Fig. 2(h)). Subsequently, 

the cured MRSA array is peeled off from the 3D printed mold 

and magnetized using a magnetizer (Shenzhen Jiuju Industrial 

Equipment Co., Ltd, China), thereby imparting magnetic 

polarities to the ferromagnetic particles embedded in the 

Ecoflex 00-30, as shown in Fig. 2(i) and (j). 

C. Fabrication of soft membrane bracket 

The fabrication process of the soft membrane bracket is 

similar to that of the MRSA array. As illustrated in Fig. 3(a), 

the two components of polydimethylsiloxane (PDMS) (Sylgard 

184, Dow Corning Corp., USA) are mixed in a mass ratio of 

1:10. Then, the well-mixed PDMS is placed in a vacuum 

furnace to remove air bubbles (Fig. 3(b)). Subsequently, the 

soft membrane bracket is created by pouring the well-mixed 

PDMS into a 3D printed mold (Fig. 3(c)). The 3D printed mold 

containing the well-mixed PDMS is vacuumed again to ensure 

that the poured model is free of air bubbles, and then is cured in 

a vacuum furnace for 5 hours at 60°C (Fig. 3(d)). Finally, the 

cured soft membrane bracket is peeled off from the 3D printed 

mold (Fig. 3(e)), and its thickness is around 2.5 mm (Fig. 4(e)). 

To increase the pit depth, we optimize the design of the soft 

membrane bracket. The upper part of the hole on the soft 

membrane bracket (Fig. 3(c)) is designed to be the frustum of a 

cone (Fig. 4(a) and (b)) instead of a cylinder, and the angle 

between the generatrix and the vertical plane is 16.8°. 

Therefore, when the magnetic unit moves downward, a large 

area of thin film connected around the magnetic unit will sink to 

form a larger concave deformation, so that the pits are more 

easily perceived by users. 

D. Overall design of MRS-Tex 

After the above fabrication process, the MRSA array and soft 

membrane bracket are assembled into MRS-Tex. As shown in 

Fig. 4, the device integrates a 19 × 19 MRSA array with a total 

size of 40 mm × 40 mm. The magnetic units are spaced 1.5 mm 

apart, and each magnetic unit is 1 mm in diameter and 5 mm in 

height (Fig. 4(c)). The diameter difference between the 

magnetic unit and the hole of the membrane bracket is 0.2 mm 

(Fig. 4(c) and (e)). The height of the frustum of the cone (upper 

part of the hole) and the cylinder (lower part of the hole) are 1 

mm and 1.5 mm, respectively (Fig. 4(b)).  

When the geometric parameters of MRS-Tex are determined, 

the pit depth depends on the magnetic force. Further, the 

magnetic force is jointly determined by the magnetization of 

the magnetic unit and the magnitude of the applied magnetic 

field. The magnetization of the magnetic unit is affected by the 

mass fraction of magnetized NdFeB particles in the composite 

ink. With the increase of the mass fraction, the magnetization of 

the magnetic unit also increases. Similarly, the pit depth is 

positively correlated with the applied magnetic field. The 

greater the applied magnetic field strength, the deeper the pit 

depth. Consequently, a certain depth of the pit can be obtained 

by regulating the applied magnetic field. The applied magnetic 

field can be generated by an electromagnetic coil or an NdFeB 

magnet. The electromagnetic coil connected with a constant 

current power supply is used for the quantitative performance 

experiments (in Section Ⅲ), and the magnetic field of the 

electromagnetic coil is adjusted by manually regulating the 

current of the power supply. The NdFeB magnet with a surface 

flux density of 300 mT is placed on the experimental setup and 

is used for user evaluation (in Section Ⅳ-B). 

 
Fig. 3.  Fabrication process of soft membrane bracket. (a) Mixing elastomer base and curing agent of PDMS. (b) Evacuating air from mixed PDMS. 
(c) Pouring PDMS into a 3D printed mold. (d) Evacuating air again and heating for five hours in a vacuum furnace. (e) Demolding the soft membrane 
bracket from the 3D printed mold. 
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Fig. 4.  Overall structure of the proposed MRS-Tex. The inset figures 
show the magnified image of (a) the local structure of soft membrane 
bracket, (b) the cross section of soft membrane bracket, (c) the cross 
section of MRSA array, (d) the arrangement of magnetic particle (red is 
N  polar and blue is S polar), and (e) the cross section of MRS-Tex.  
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III. VALIDATION OF MRS-TEX 

A. The magnetization of magnetic units 

The mass fraction of magnetized NdFeB particles in the 

composite ink is a dominant factor in maximizing the 

magnetization of magnetic units. As such, we prepared five 

kinds of magnetic samples with the same size (10 mm in 

diameter and 10 mm in height) and different NdFeB particle 

content. The mass fraction of magnetized NdFeB particle and 

composite ink are 30%, 40%, 50%, 60%, and 70%, respectively. 

We measured the magnetization of these samples using the 

Hysteresisgraph (MATS-2010H, Hunan Linkjoin Technology 

Co., Ltd, China), and the measured values of magnetic samples 

with the same NdFeB particle content were averaged. 

As shown in Fig. 5(a), as the mass fraction of magnetized 

NdFeB particles in the composite ink increases from 30% to 

70%, the magnetization of magnetic samples varies almost 

linearly from 18.25 kA/m to 108.14 kA/m. However, when the 

mass fraction is higher than 60%, the rheological property of 

the composite ink will become poor, making it difficult to inject 

the composite ink into the mold. Considering both the difficulty 

of the fabrication process and the magnetization of magnetic 

units, we chose the composite ink with 60 wt% NdFeB particles 

to prepare the MRSA array. 

B. The depth of pits 

As mentioned in Section Ⅱ-D, the applied magnetic field is 

an important factor affecting the depth of pits. To investigate 

the depth of pits under different applied magnetic fields, we 

designed an experimental setup to measure the depth of pits. As 

shown in Fig. 5(b), the laser displacement sensor 

(HL-G103-S-J, Panasonic, Japan) and the magnetized sample 

are fixed on the testbed. An electromagnetic coil is placed 

below the sample to provide the required magnetic field, which 

can be obtained by regulating the current of the power supply.  

After the electromagnetic coil is energized, magnetic units 

sink a certain distance under the applied magnetic field. For the 

depth measurement, we selected 5 isolated magnetic units (i.e., 

there are no other adjacent magnetic units around each 

magnetic unit) with 60 wt% NdFeB particles and a height of 5 

mm. The averaged depth under different applied magnetic 

fields is shown in Fig. 5(c). As the applied magnetic field 

increases from 50 mT to 300 mT, the average depth of pits 

increases from 0.09 mm to 0.21 mm. According to the 

preliminary perception experiment, the absolute threshold of 

the pit depth is 0.023 mm for PDMS samples with a diameter of 

1 mm (in Section Ⅳ-A), demonstrating that the texture patterns 

rendered by MRS-Tex (0.21 mm) can be perceived by users. 

In addition, we simulated the deformation of the thin film 

under the same condition with the above experimental setup 

using COMSOL (Fig. S1), and the simulation results (green 

line in Fig. 5(c)) are consistent with the experimental results 

(red line in Fig. 5(c)). 

C. Dynamic performance 

Using the experimental setup (Fig. 5(b)), we further 

evaluated the dynamic performance of MRS-Tex, including the 

 
Fig. 5.  Quantitative experiment of the proposed MRS-Tex. (a) Effect of the mass fraction of magnetized NdFeB particles in the composite ink on the 
magnetization of magnetic samples. (b) Experimental setup for measuring the depth of pits. (c) Comparison of the measurement results and 
simulation prediction of the depth of pits under different applied magnetic field (for the isolated magnetic unit).  
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Fig. 6.  The dynamic performance of the tactile device. (a) Response time. (b) Repeatability. (c) Hysteresis. 
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response time, repeatability and hysteresis. In one work cycle, 

as the applied magnetic field increased from 0 mT to 300 mT, 

the pit depth formed by the isolated magnetic unit increased 

rapidly to 0.2 mm within 560 ms (Fig. 6(a)). After 3 s, as the 

applied magnetic field decreased from 300 mT to 0 mT, and the 

formed pit disappeared in about 560ms. 

By repeating the abovementioned work cycle for several 

times, we can obtain the repeatability of our device (Fig. 6(b)). 

In different cycles, the pit depths keep almost the same both in 

the present and absent states of the applied magnetic field. To 

evaluate the hysteresis of our device, we measured the pit 

depths during the gradual increase (loading process) and 

gradual decrease (uploading process) of the current in the 

electromagnetic coil. As shown in Fig. 6(c), a small hysteresis 

was observed in the loading-uploading process, and the thin 

film can fully be restored to the initial state after unloading (i.e., 

without residual strain). 

D. Flexibility and stretchability 

As shown in Fig. 7(a), we prepared the MRS-Tex with a 19 × 

19 MRSA array, and its overall stiffness is 2.14 N/mm (see 

Text S1 and Fig. S2 for details on the stiffness measurement). 

Compared with the absolute threshold (1.784 mm) of the pit 

spacing (in Section Ⅳ-A), the spacing of adjacent magnetic 

units is about 1.5 mm, showing that MRS-Tex can render fine 

textures comparable to human perception threshold. 

Besides, compared with the existing tactile devices, with 

such small magnetic soft actuator, MRS-Tex can still robustly 

resist the finger pressure and support lateral motion of the 

fingertip along the thin film, mainly because the upward 

holding force is provided by the soft membrane bracket. 

Benefiting from the properties of soft materials, MRS-Tex is 

competitive in terms of flexibility and stretchability. Fig. 

7(b)-(e) depict the soft characterization of MRS-Tex. It can be 

seen that MRS-Tex can withstand a variety of deformation 

modes, such as inward bending, outward bending, twisting, and 

stretching. In addition, when MRS-Tex was in a curved state, 

the magnetic units can still sink a certain distance (0.272 mm) 

under the applied magnetic field of 200 mT (Fig. S3). 

Benefiting from such excellent soft characterization, MRS-Tex 

has the potential to be combined with other tactile feedback 

modes such as softness and shape display, so as to provide users 

with a rich multi-modal tactile experience in the future [8]. 

IV. USER EVALUATION 

A. Absolute threshold experiment 

To investigate the perception threshold of the pit depth and 

the pit spacing, we conducted the psychophysical experiments 

using the method of constant stimuli [31]. The participants 

were recruited from Beihang University, and signed on a 

written consent form after they had been informed of the 

objective and procedure of the experiment. None of them have 

any deficiency in the perception ability, and are all 

right-handed. The experimental procedure was approved by the 

State Key Laboratory of Virtual Reality Technology and 

Systems of China and was in accordance with ethical standards. 

In the absolute threshold experiment of the pit depth, we 

prepared five cylindrical pits with a diameter of 1 mm and 

different pit depths (0.01 mm, 0.02 mm, 0.03 mm, 0.04 mm, 

0.05 mm). The range of pit depths was determined by a 

preliminary experiment, spanning from imperceptible to almost 

always detected. For the absolute threshold experiment of the 

pit spacing, five pairs of pits were presented to the participants, 

each pair had two pits with the diameter of 1 mm and the 

concave depth of 0.2 mm. For the five pairs of pits, the spacing 

distance of two pits was set to 1.5 mm, 1.7 mm, 1.9 mm, 2.1 

mm and 2.3 mm respectively (Fig. S4), which were selected 

through a preliminary experiment.  

In each formal experiment, the samples (pits with different 

pit depths or different pit spacing) were randomly presented to 

each participant, and the participant perceived each sample 20 

trials, a total of 100 trials [31]. On each trial, the participant slid 

his/her index finger back and forth in a natural and comfortable 

manner. After 10 trials, the participant was asked to take a 

two-minute break, and the entire experiment took about 50 

minutes for each participant. Throughout the experiments, the 

participant was blindfolded to prevent the interference from the 

visual cues. 

Six right-handed participants (aged between 24 and 32, with 

an average age of 27.7) took part in the absolute threshold 

experiment of the pit depth. For each trial, the participant 

verbally reported whether he/she perceived the pit, and the “yes” 

response means that the participant perceived a pit. According 

to the “yes” responses from all participants, we obtained the 

perceptual accuracy of pits with different pit depths (Fig. 8(a)). 

The logistic function was adopted to fit the data, and the pit 

depth corresponding to 50% perceptual accuracy was defined 

as the absolute threshold of the pit depth [31]. The absolute 

threshold of the pit depth was calculated as 0.023 mm, 

demonstrating that the texture patterns rendered by our device 

(0.21 mm) can be perceived by users. 

For the absolute threshold of the pit spacing, six right-handed 

participants (aged between 24 and 30, with an average age of 

26.3) took part in the experiment and verbally reported the 

numbers (one or two) of pits they perceived. Based on the data 

reported by participants, the perceptual accuracy corresponding 

to the different spacing distances of two pits is shown in Fig. 

8(b). We adopted the logistic function to fit these data, and 

defined the spacing distance at which the perceptual accuracy is 

50%  as the absolute threshold [31]. As shown in Fig. 8(b), the 

 
Fig. 7.  Photograph of MRS-Tex showing its favorable flexibility and 
stretchability. (a) The prepared MRS-Tex with high spatial resolution 
(1.5 mm) can (b) bend inward, (c) bend outward, (d) twist, and (e) 
stretch. 
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absolute threshold of the pit spacing is 1.784 mm. Compared 

with the absolute threshold, the resolution of our tactile device 

is 1.5 mm, which means that our tactile device can render fine 

textures. 

B. Texture patterns discrimination 

To validate the performance of the MRS-Tex and explore its 

possible applications, we conducted two user studies in which 

two groups of participants were asked to respectively 

distinguish six basic texture patterns and four complex texture 

patterns (schematic diagram in Fig. 9, the actual 

undeformed/deformed photos in Fig. S5 and S6). As shown in 

Fig. 8(c), a participant was seated in front of a table and slid 

index finger of the right hand back and forth on the surface of 

MRS-Tex, just like perceiving the texture of objects in daily life. 

An NdFeB magnet with a surface flux density of 300 mT was 

used to generate an applied magnetic field. Under this magnetic 

field, the magnetic units sunk downward and formed pits on the 

surface of MRS-Tex. 

Before the experiments, all the participants were interviewed. 

None of them reported any history of neurological illness or 

physical injury that might have affected their hand function. All 

participants signed a written consent to participate in the study, 

and the experiments were performed in consistent with the 

human participant testing regulations of the authors’ institution. 

For each participant, after five minutes of training, he/she 

perceived the randomly presented textures (six basic texture 

patterns or four complex texture patterns), and each texture was 

 
Fig. 8.  User evaluation of the proposed MRS-Tex. (a) Psychometric curve with fitted function for absolute threshold experiment of pit depth. (b) 
Psychometric curve with fitted function for absolute threshold experiment of pit spacing. (c) Experimental setup for perceiving different texture 
patterns. (d) Confusion matrix of experimental results for six basic texture patterns. (e) Accuracy of texture discrimination and average time of each 
participant for six basic texture patterns. (f) Confusion matrix of experimental results for four basic texture patterns. (g) Accuracy of texture 
discrimination and average time of each participant for four complex texture patterns. 
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randomly presented 10 trials. By sliding the finger on the 

MRS-Tex surface, the participant identified the rendered 

texture and verbally reported which texture he/she perceived. 

Note that the participants were allowed to touch the presented 

textures as many times as they wanted. Throughout the 

experiment, the participants were blindfolded to prevent the 

interference from the visual texture cues.  

In the first study, 12 right-handed participants (7 males and 5 

females, aged from 22 to 35, with a mean age of 28.6) 

participated in the discrimination experiment of six basic 

texture patterns. A confusion matrix is used to report the 

experimental results (Fig. 8(d)), the values of units along the 

diagonal line are significantly greater than that of other units, 

and the sparse and dense stripes along the same orientation are 

relatively difficult to be distinguished. Furthermore, we 

calculated the accuracy of texture discrimination and the 

average time spent by each participant. As shown in Fig. 8(e), 

the accuracy of texture discrimination for each participant is 

higher than 85%, and the average time of each participant is 

less than 22 s (the minimum average time is 5.6 s). 

 For the second study, 12 right-handed participants (aged 

between 24 and 36, with an average age of 28.8) took part in the 

experiment. Similar to the experiment results of the six basic 

textures, the values along the diagonal line are significantly 

greater than the other values (Fig. 8(f)). As shown in Fig. 8(g), 

the discrimination accuracy of each participant is lower than 

93%, and the average discrimination accuracy of 12 

participants is 82.1%, which is not as high as the discrimination 

accuracy (92.5%) for six basic texture patterns. In addition, the 

average time (16.53 s) taken to discriminate these complex 

texture patterns was longer than that (12.26 s) taken to 

discriminate six basic texture patterns. 

V. DISCUSSION 

As shown in Fig. 5(c), the pit depth is 0.21 mm under the 

applied magnetic field of 300 mT. In addition, we found that 

when a magnetic unit is close to other magnetic units, under the 

same applied magnetic field, these clustered magnetic units will 

produce a larger downward movement distance compared with 

an isolated magnetic unit. We call this phenomenon the 

aggregation effect. To better understand this phenomenon, we 

measured the depth of pits generated in the sparse vertical 

stripes. The measurement results show that when the applied 

magnetic field is 300 mT, the average depth of pits can reach up 

to 0.47 mm (Fig. S7), which is far larger than the absolute 

threshold of the pit with a diameter of 1 mm. Therefore, the 

surface textures rendered by clustered magnetic units can be 

more easily perceived by users. In future work, we will further 

explore the aggregation effect so that the MRS-Tex can render 

richer surface textures. 

The experiment results indicate that complex texture 

discrimination is more difficult than basic texture 

TABLE I 
COMPARISON BETWEEN OUR DEVICE AND OTHER TACTILE DEVICES IN TERMS OF FIVE MAIN FEATURES. 

Tactile Device Actuation Type Spatial Resolution (mm) Soft / Rigid (Actuator) Stretchability Vertical Displacement (mm) 

[32] DEA 4-6 Soft Low 0.16 

[18] Pneumatic 23 Rigid No 20 

[19] Pneumatic + SMP 4 Soft No 0.50 

[20] Artificial muscle 8 Soft High 0.45 

[33] Voice coil + magnet 2.50 Rigid No 0.60 

[34] DFT 2.50 Soft No 1.45 

[17] DEA 4 Rigid No 0.35 

Our Soft actuator + coil 1.50 Soft High 0.21 

 

 
Fig. 9.  Ten texture patterns for texture identification, including four six basic textures (a) dense vertical stripes (DVS), (b) dense horizontal stripes 
(DHS), (c) sparse vertical stripes (SVS), (d) sparse horizontal stripes (SHS), (e) left diagonal stripes (LDS) and (f) right diagonal stripes (RDS), and  
four complex textures (g) triangular stripes (TS), (h) diamond stripes (DS), (i) wave stripes (WS), (j) square stripes (SS). Taking RDS as an example, 
the actual undeformed/deformed photos of RDS are respectively shown in (f1) and (f2), and the actual undeformed/deformed photos of the 
remaining textures are shown in Fig. S5 and S6. 

a b c d e

f g h i j

f1

f2
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discrimination, and the latter has higher discrimination 

accuracy and less discrimination time. Nevertheless, even in 

the complex texture discrimination, the average discrimination 

accuracy of 12 participants is greater than 82% and the average 

time of 12 participants is less than 17 s, demonstrating that the 

textures formed by the MRS-Tex can be correctly distinguished 

in a short time. Moreover, from the user study, we found that 

the results of texture discrimination are related to the users’ 

tactile perception ability. For example, in the first study, the 

accuracy of texture discrimination for the 12th participant is 100% 

and her average time is only 6.64 s (Fig. 9(e)). After the 

experiment, we learned that she is very sensitive to the 

materials such as clothes and sheets in daily life. 

Compared with some typical tactile devices, the MRS-Tex 

has the features of millimeter-level spatial resolution (1.5 mm), 

flexibility, stretchability, and untethered actuation (Table Ⅰ). 

Therefore, in addition to the 10 texture patterns depicted in Fig. 

9, MRS-Tex also has the potential to form complex texture 

patterns, such as braille, numbers, letters, emotion state (Fig. 

S8), fabric textures, and embroidery texture. This will make 

MRS-Tex very useful to applications such as braille display, 

product design, emotional communication and virtual shopping. 

For example, our device can be used as a tool for evaluating the 

haptic sensation in the concept design phase of products such as 

the interior leather selection in automobile design. Our tactile 

device has the potential to assist the designer to evaluate 

whether the texture patterns have a desirable sensation. 

Furthermore, thanks to the excellent characterization (i.e., 

flexibility, stretchability, untethered actuation and 

miniaturization), MRS-Tex has the potential to be combined 

with other tactile modes such as softness and shape display to 

provide users with a rich multi-modal tactile experience. 

VI. CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed a novel tactile device, MRS-Tex, 

which can display textures on a soft thin film using a MRSA 

array and a soft membrane bracket. When a magnetic field is 

applied, the MRSA array generates pits on the thin film surface. 

Thanks to the proposed sunken solution and flexible magnetic 

actuators, the device can render textures in a spatial resolution 

of up to 1.5 mm with a sufficient holding force. The 

experimental validation shows that the MRS-Tex allows users 

to accurately distinguish between texture patterns when the 

MRSA array generates perceivable depth of pits. 

To further explore the potential applications of MRS-Tex, 

we will prepare more complex textures on the device (such as 

brick texture and polygon texture) and evaluate the user 

experience. In addition, the aggregation effect mentioned in 

Section Ⅴ will be further investigated so that the spatial 

resolution can be further improved, making it possible to 

display fine textures, such as that of cotton and silk. 
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