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Abstract:  

The ultimate purpose of monitoring bio-signals in the form of individually tailored clothing is to monitor an unconstrained bio-

signals during the wearer's physiological activities and provide freedom of movement, thereby eliminating inconvenience in 

workspace of HMI (Human-Machine Interaction) or HRI (Human-Robot Interaction), and healthcare life. In the form of smart 

clothing for human collaboration industries or everyday life, there is a need to provide new sensitive and high accurate functions 

to the wearer while also faithfully performing the functions of existing clothing. In this respect, auxetic pattern-based sensors 

and actuators can be said to be one of the most promising candidates to be combined with smart wearable technology. There 

is an emerging need to research the concepts of these new sensors and actuators and present a paradigm for clothing research 

on innovative smart haptic suits. Accordingly, there is a need for a concept of smart haptic system suitable to meet the 

conditions of sensors and actuators with improved sensitivity, conductivity, and receptivity that can have characteristics such 

as microporosity, flexibility, and large surface area of nano and micro web structures. When measuring a bio-signal sensing 

and motion feedback using an electro-active structural pattern, the signal waveform can be confirmed to have a similar signal 

waveform to the measured signal through direct visual evaluation, and muscle signals for each body part can be measured 

using a commercialized sensor. The same signal can be confirmed. Through Pearson's correlation analysis using statistical 

analysis techniques, signal data between nano and micro web structure-based respiration sensors and existing respiration 

sensors showed significant correlation with each other, indicating respiration obtained from nano and micro web-based sensors. 

A theoretical model which predicts the actuation stroke of the system based on the material properties of the auxetic SMM 

(Shape Memory Material) and bias components as well as the geometry of the metamaterial system was developed. 

Keywords: smart clothing; ergonomic signal monitoring; motion artifact; auxetic pattern electrode; re-modularization 

1.Introduction

Bio-monitoring smart clothing for human-robot interaction, human-machine 

interaction and health care is a new type of smart haptic clothing that 

combines the human body, with BT and IT functions. By attaching various 

devices that can check biological signals, signals such as the wearer's 

breathing or heart rate or body movements can be detected, allowing the 

wearer's bio-signals to be checked in a personalized way in daily life. Bio-

monitoring smart clothing is a type of smart clothing that is essential for 

future daily life, where interest in human interaction industries or health is 

expected to increase. Bio-monitoring systems are evolving from measuring 

bio-signals using bio-medical devices such as thermometers or pulse 

monitors to measuring bio-signals through sensors integrated into clothing 

or bands. This phenomenon is changing from existing bio-medical devices 

to smart haptic suits that can be worn in daily life as interest in health 

increases and the desire to check one's health status at any time increases. 

The wearable system consists of four key elements. These include a 'sensing 

system' that detects physical and chemical changes in the human body, a 

'monitoring system' that provides measured biometric information, an 

'analysis system' that presents new health indicators based on the analysis of 

transmitted data, and a health status message to the wearer. It is a feedback 

system that notifies changes, etc. Wearable technology [1]. soft robotics [2]. 

human-robot interaction [3,4] and human-machine interaction [5]. have 

sparked a growing interest in embedded soft devices. Accordingly, various 

methods have been proposed to manufacture soft sensors that can be 

integrated into smart clothing systems [6,7]. In the future, for bio-monitoring 

smart clothing to become popular in everyday life, it is important that the 

core elements of the wearable system develop evenly to provide the 

maximum performance required by consumers, but the selective 

combination of the core elements for this is also very important [8-12]. 

The most important thing is to make the sensing system wearable, that is, to 

make the sensor wearable. Most have three functions for acquiring bio-

signals. One is to measure the respiratory rate using an EMG sensor, the other 
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is to measure the electrocardiogram using a medical ECG sensor, and the 

third is a system to measure the degree of movement through a motion 

measurement sensor such as an IMU. It consists of a memory card that stores 

data and a system that transmits, analyzes, and provides feedback. However, 

it is a block-based model made from a combination of structure and 

electronic devices, rather than being completely integrated. Information such 

as speed and exercise distance input through the heart rate and IMU sensor 

is displayed on the computer in real time, allowing you to know what level 

of intensity you are exercising. In addition, to check whether the electrical 

resistance changes depending on the degree of elongation of the structure, 

the change in electrical resistance can be measured with a multimeter, and 

then the change in electrical resistance of the structure according to the elbow 

angle can be measured in real time while wearing an arm sleeve. The 

electrical resistance values appear different even at the same angle when the 

structure is stretched (arm flexion operation) and contracted (arm extension 

operation). The reason is that when the arm is bent, the sensor attached to the 

elbow is stretched and receives a forced force in the opposite direction to its 

original shape, so the change in resistance occurs slowly, and when the arm 

is extended again, the structural sensor returns to its original shape. Changes 

in electrical resistance can be used at high speeds. If the principle of this 

motion measurement sensor is applied to other body parts besides the arms, 

it can be used to predict the body motion size of that part through clothing. 

When monitoring ECG and EMG signals, electrodes woven or woven from 

conductive metal thread are used as bioelectrodes. The method of sensing 

the microcurrent coming from the heart and transmitting it to the output 

device is the same as the electrode commonly used in medical institutions, 

but it is meaningful in that it is human-friendly and can be worn at all times 

[13-19]. 

In this paper, we analyzed key element technologies for the development of 

smart haptic suits by dividing them into key elements in the development of 

bio-monitoring smart clothing and e-textiles, the type of sensing system, 

electrocardiogram measurement, respiration measurement, and motion 

measurement. As mentioned in the introduction, bio-monitoring systems are 

evolving from non-wearable systems such as thermometers or pulse meters 

to wearable systems such as clothing or bands. This is an inevitable choice 

to meet human needs for high acceptability, high sensitivity, and 

convenience of wearing in the concept of a smart haptic suit that can analyze 

behavior and check bio-signals in daily life and provide muscle support 

anytime and anywhere. We intend to compare and examine the feasibility 

and feasibility of use as a smart textile by manufacturing conductive nano 

and micro webs as textile sensors using nanotechnology and metal coating 

techniques. Nano and micro web structures have characteristics such as 

porosity, flexibility, and large surface area, which can greatly contribute to 

improving conductivity. This is suitable to meet the conditions of the sensor, 

so based on this, it is expected to be suitable as a textile sensor. It is expected. 

Through this, we measure biological signals such as EMG, ECG and 

respiratory rate, verify the quality of the signal by comparing and analyzing 

it with signals obtained through existing non-textile sensors, and provide an 

integrated soft actuator function based on this. 

2.Auxetic Tactile Sensor for Smart Haptic Suit 

2.1 Design Concept of Soft Sensor for Smart Haptic Suit 

If the optimal conditions for producing conductive nano- and micro-web 

textiles with conductive polymers using sensors are discovered, it will be 

possible to develop textiles that minimize clothing wearers' resistance and 

naturally perform their unique functions within a smart clothing system. 

Flexible and soft sensors are currently the most studied component of smart 

clothing, but most studies simply focus on flexibility, and research on 

constructing smart clothing systems using nanomaterials is minimal. 

Accordingly, it can be said that research is needed to develop nano and micro 

web textiles that are flexible, lightweight, and highly conductive as sensors. 

The ultimate purpose of monitoring biological signals in the form of clothing 

is to monitor the wearer's physiological activity time. This provides new 

functions to the wearer in the form of smart clothing for HMI, HRI and 

everyday life while faithfully performing the functions of existing clothing. 

There is a need to do it. In this respect, nano or micro materials can be said 

to be one of the most promising candidates to be combined with wearable 

technology. So far, metal materials have been mainly used in research on the 

use of conductive materials as clothing materials, but there is an emerging 

need to research new materials and present an innovative paradigm for 

clothing research 

The bio-signal measurement module receives bio-signals through three 

electrodes, and includes a hardware filter to block various noises, an 

amplifier circuit to amplify the bio-signals, and DSP (Digital Signal 

Processing) to filter software noise signals and convert the signals into data. 

It consists of a processor and a Bluetooth module for wireless data 

transmission. Accordingly, by using nano or micro technology and metal 

coating techniques, conductive nano and micro webs were manufactured as 

textile sensors and used as smart textiles. Nano and micro web structures 

have characteristics such as microporosity, flexibility, and large surface area, 

which can contribute to improving conductivity. Since this is suitable to meet 

the sensor conditions, it is expected to be suitable as a textile sensor based 

on this, and the following research contents can be included in the 

development of a smart haptic suit: (a) Fabrication of conductive nano and 

micro web samples based on metallic nanomaterials and textile 

sensorization: Fabrication of conductive nano and micro web 

structures/Excellent electrical properties and improved tensile 

strength/Improved signal transmission ability of nano and micro web-based 

sensors/Nano and micro web structures Checking the washing and abrasion 

resistance of web-based sensors. (b) Fabrication of conductive polymer-

based conductive nano- and micro-web samples and textile sensorization: 

Fabrication of composite-based conductive nano- and micro-web structures 

using various conductive materials / Fabrication of conductive polymer-

based conductive nano- and micro-web structures using various conductive 

materials. (c) Clothing evaluation and textile-based bio-signal monitoring 

system: Wearing evaluation is conducted on dummies and subjects, and the 

suitability is verified using statistical techniques by comparing signals with 

existing bio-signal measurement devices/nano and micro web-based 

biometrics. Development of signal monitoring smart clothing/To develop 

nano- and micro-web-based electrocardiogram electrodes Resistance 

characteristics such as line resistance and sheet resistance for bio-signal 

recognition/High-soluble gauge ratio to develop nano- and micro-web-based 

respiration sensors 

2.2 Design of Auxetic Tactile sensor 

Auxetics are defined as materials or structures with the elastic property of 

negative Poisson’s ratio (NPR): when the material is stretched in one 

direction, it expands in one or more transverse directions as well [20,21]. 

This differs from most materials/structures that typically show a contraction 

in the perpendicular direction to the stretched direction. Wearable electronic 

devices can monitor various strains, which is beneficial to human healthcare, 

medical rehabilitation, soft robotics, human-robot interactions, and human–

machine interactions. Strain sensors have received more attention owing to 

their good conformality, integrability and wearability. To guarantee 

widespread application, wire strain sensors should possess high sensitivity, 

high stretchability, and excellent durability. The sensitivity, indicated by the 

gauge factor (GF), is evaluated by the following equation. 
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where ∆𝑅 ⁄ 𝑅0, ∆𝐶 ⁄ 𝐶0, R, C, ε and v denote the relative resistance change, 

the relative capacitance change, real-time resistance, real-time capacitance, 

tensile strain, and Poisson’s ratio, respectively. When an increasing force 

(∆F) applied onto one of the sensing units, the capacitance or resistance is 

measured for each increment. The sensitivity S of a capacitance or resistance 

or magnetic flux can be expressed as, 

𝑆 =
∆𝐶

𝐶0
⁄

∆𝐹
=

1

𝑑0

∆𝑑

∆𝐹
=

∆𝐵

∆𝐹
                                                    (2) 

Where ∆𝐵 is the amount of the change in the sensed-magnetic field before 

and after strain applied, and ∆𝐹 is the applied force change? Among the 

above-mentioned indicators, stretchability and durability are especially 

important because they ensure large stress loading and stable output of 

sensing signals after repeated deformation. Although resistance change 

increases sharply under a large strain, irreversible structural damage appears, 

and repeated cycling induces a viscoelastic effect, which results in potential 

fracture and poor durability. To achieve controllable high sensitivity as well 

as good stretchability and durability, a novel design concept of auxetic 

materials/structures is integrated with a magnetic field sensing system in this 

work. The sensitivity of our strain sensors was tuned by tailoring the 

geometric dimensions of the auxetic structure. Upon mechanical loading, the 

sensors showed a structural deformation effect (i.e., longitudinal stretching 

accompanied by transverse structural deformation), which resulted in good 

stretchability and durability. As the strain increased, continuous stretching 

produced high sensitivity. The typical auxetic structures are listed in Table 1 

[22]. Three architectures were explored as the fundamental pattern. The 

structural Poisson’s ratio(ν) is calculated using eq. (3): 

𝑣 = −
𝜀𝑦

𝜀𝑥
                                                                             (3) 

where εx and εy represent the x-direction strain and y-direction strain. 

As shown in Figure 1-(b), Eco-flex (1:1 mixture of casting and hardening 

materials) and PDMS (10:1 mixture of casting and hardening materials) were 

mixed at a 1:1 ratio for four auxetic sensors shown in Figure 1-(a). To prevent 

curing rejection, it was important to thoroughly mix each solution separately 

before combining them. Afterwards, NdFeB particles were added in a 1:1 

weight ratio to the mixed silicone solution. In a vacuum chamber, bubbles 

were removed from the resulting mixture, which was injected into a mold 

created through 3D printing. To avoid the formation of a pseudo membrane 

that could reduce the efficacy of the sensor, the solution was carefully 

injected using a syringe instead of simply pouring and molding it. Next, the 

mold containing the solution was placed in an oven at 55 degrees Celsius for 

3 hours. Once cured, the material was removed from the mold using 

tweezers. At a 10% tensile strain, the sum of factors for the re-entrant 

hexagon was 77uT, for the modified re-entrant hexagon it was 90uT, for the 

rotating triangular plates it was 99uT, and for the rotating square plates it 

reached 169uT, as shown in Figure 1-(C). Furthermore, to assess the 

Poisson's ratio of each sample, the width and length of the samples were 

measured both before and after the tensile test. The calculated Poisson's 

ratios were -0.1, -0.12, -0.66, and -0.75, respectively. An auxetic structure 

requires less force to obtain the same sensing value as a regular rectangular 

sensor of the same size. Additionally, when stretching the sensor over the 

same length, an auxetic structure demands less force. In Figure 2-(A), it can 

be observed that normal samples required approximately force of 1.0 N to 

induce a displacement of 100uT, whereas the auxetic samples required only 

about 0.2 N of force to achieve the same displacement. Furthermore, as 

shown in Figure 2-(B), when subjected to the same amount of tensile force, 

it was evident that the auxetic samples required less force compared to the 

normal samples. This is advantageous for applying sensors to small joints 

such as finger joints. We prepared a 33mm auxetic sensor and a regular 

rectangular sensor, both fixed at the length of 5mm of each sensor, in the 

same configuration. The calculated sensitivity using equation (2) shows (110 

µT)/ (0.2 N) = 550 for the auxetic sensor, and (25 µT)/ (0.2 N) = 125 for the 

conventional sensor [22]. 

 

Auxetic 

Structure 
Shape Poisson’s ratios Young’s modulus 

Re-entrant 

hexagon 

[20,21] 

𝒉 = 𝟐𝒍, 𝒏
= 𝟖 

 

𝑣12

= −
𝑙𝑠𝑖𝑛2𝜃

(ℎ + 𝑙 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝜃
 

𝑣21

= −
(ℎ + 𝑙 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝜃

𝑙𝑠𝑖𝑛2𝜃
 

𝐸1

= 𝑛𝐸𝑠 (
𝑡

𝑙
)

3 𝑠𝑖𝑛𝜃

(ℎ
𝑙⁄ + 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠2𝜃

 

𝐸2 = 𝑛𝐸𝑠 (
𝑡

𝑙
)

3 (ℎ
𝑙⁄ + 𝑐𝑜𝑠𝜃)

𝑠𝑖𝑛3𝜃
 

Modified Re-

entrant 

hexagons 

(with 

diamond-

shaped cells) 

𝒉 = 𝟐𝒍, 𝒏
= 𝟒 

 

𝑣12

= −
𝑙𝑠𝑖𝑛2𝜃

(ℎ + 𝑙 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝜃
 

𝑣21

= −
(ℎ + 𝑙 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝜃

𝑙𝑠𝑖𝑛2𝜃
 

𝐸1

= 𝑛𝐸𝑠 (
𝑡

𝑙
)

3 𝑠𝑖𝑛𝜃

(ℎ
𝑙⁄ + 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠2𝜃

 

𝐸2 = 𝑛𝐸𝑠 (
𝑡

𝑙
)

3 (ℎ
𝑙⁄ + 𝑐𝑜𝑠𝜃)

𝑠𝑖𝑛3𝜃
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Rotating 

Triangular 

Plates 

(Equilateral) 

[23] 

 

𝑣12 = 𝑣21 = −1 𝐸1,2 = 𝑘ℎ

4√3

𝑙2 [1 + 𝑐𝑜𝑠 (
𝜋
3

+ 𝜃)]
 

Rotating 

Square Plate 

[24] 

 

𝑣12 = 𝑣21 = −1 𝐸1,2 = 𝑘ℎ

8

𝑙2[1 − 𝑠𝑖𝑛(𝜃)]
 

Table 1: Characteristics of typical auxetic structure 

※ Properties of unit cell material: Es: Young’s modulus, v: Poisson’s ratio, kh: stiffness constant, n: no. of cell strut of re-entrant hexagon, B=2lsinθ, 

H=h+2lcosθ 

Material Density (kg/m3) Young’s Modulus (MPa) Poisson’s Ratio 

TPUs 1200 15.31 0.48 

   

Table 2: Material properties 

 
(a) 

 
(b) 
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Figure 1: Experimental schematics: (A) Fabrication process of auxetic sensors, (B) Illustration of auxetic sensors, (C) Sum of factors for tensile ratio and 

Poisson's ratio is -0.1, -0.12, -0.66, -0.75 for the sensors of auxetic patterns (re-entrant hexagon, modified re-entrant hexagon, Rotating Triangular Plates and 

Rotating Square Plate) 

 

 
(a)                                           (b) 

Figure 2: Operation of sensors with an auxetic matrix and without an auxetic matrix under different external tensile forces (a) Magnetic Field Variation 

with Force, (b) Tensile rate Due to Force. 

 

3. Auxetic Tactile Actuator for Smart Haptic Suit 

3.1 Design Concept of Auxetic SMM 

The importance of wearable devices continues to increase due to their ability 

to provide real-time body feedback, offer a variety of functions, and provide 

a comfortable experience for the wearer. To improve wearability, an auxetic 

SMM actuator can be developed by manufacturing a shape memory material 

such as shape memory alloy (SMA) or shape memory polymer (SMP)with 

an auxetic structure that is lightweight and changes its physical shape and 

stiffness depending on temperature. This wearable actuator has the 

characteristic of increasing wearability and convenience for the wearer's 3D 

curved human body, and by applying the auxetic SMM wearable actuator as 

a wearable haptic, virtual senses are provided through thermal and 

mechanical feedback. can be experienced, and through this, the auxetic SMM 

actuator can be used as a wearable haptic. The transition from the martensite 

(low temperature) phase to the austenite (high temperature) phase in auxetic 

SMM does not occur instantaneously in a specific temperature range but 

proceeds gradually over a temperature range. Figure 3 shows the relationship 

between displacement and temperature, where the austenite start temperature 

is shown as As, the austenite end temperature is shown as Af, and the 

martensite start and end temperatures are shown as Ms and Mf, respectively. 

In the temperature range indicated by ∆𝑇, the alloy consists of a mixture of 

austenite and martensite. As can be seen from this, there is virtually no 

change in length below As, and as SMM is heated, no further change in 

length occurs above Af. Similarly, substantially no change in length occurs 

above Ms immediately after cooling, and no further change in length occurs 

below Mf; Typically, there is significant hysteresis in the length-temperature 

curve (Figure 3, 4). The resistance within the shaded region between Rmin and 

Rmax can be used as an analog for the auxetic SMM temperature, and the 

resistance-temperature curve exhibits significant hysteresis. Therefore, the 

transformation rate between the two phases can be inferred based only on the 

resistance value without directly measuring the temperature. 
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Figure 3: Relationship between auxetic SMM stroke and temperature 

 
(a) Force-stroke control                   (b) Displacement-stoke control 

Figure 4: Relationship of force & displacement with auxetic SMM stroke: ① non-deformation state, ② force and deformation state 

Auxetic shape memory material actuators can be described as a control and 

sensing mechanism, generating control information for the actuator using a 

control scheme that utilizes resistive feedback and changes in actuator 

resistance over time as the electrical signals are applied to the actuator. These 

control and sensing mechanisms perform position control functions, measure 

the load on the actuator, detect a signal collision or mechanical failure and 

system errors in the actuator, and provide compensation for the actuator. In 

a preferred control mechanism, measurement of the discharge time of a 

capacitor connected in parallel with the actuator is used to measure the 

resistance of the actuator. The model predicts the operating output based on 

the balance of forces created by the interaction between the auxetic SMM 

and the bias component and is based on several assumptions: (a) The auxetic 

geometry has only a kinematic effect on the deformation of the system and 

does not contribute to the internal energy in terms of the work done on the 

actuator. This means that the influence of factors such as friction and the 

structural hinges and weight of the structure is negligible. (b) The stress-

strain behavior of the auxetic SMM component in the martensitic phase can 

be expressed as a trilinear model with each line representing the twin 

martensitic state (M), the transition state (T), and the twin martensitic state 

(DM), respectively (Figure 5). The austenite state can be represented by a 

linear model. (c) Upon activation/heating, the auxetic SMM component 

completely converts from martensite to austenite phase. This is usually the 

case for auxetic SMM systems with small cross-sectional areas, such as wires 

and strips, which are activated through the thermal effect. (d) The model is 

static, so the deformations of both the auxetic SMM and the bias components 

are elastic, fully recoverable, and unaffected by the activation rate. When  

activated using an electric current, the transformation from martensite to 

austenite phase occurs almost instantaneously 

3.2 Numerical Descriptions of Auxetic SMM 

For a prototype of auxetic SMM actuator, it is necessary to develop a 

numerical expression that can be used to predict the actuation output of the 

system as a function of the material properties of the individual components 

and the overall geometry of system. This actuator consists of three 

components: a SMM, a bias component, and an auxetic material geometry. 

Each plays a distinct role in ensuring the overall functioning of the complex 

system. Auxetic SMM components guide actuation of the system, bias 

components provide reversibility upon deactivation and reusability of the 

actuator, and auxetic material geometry controls the actuation stroke and 

force output of the system in axial and transverse directions. These three 

components are shown in Figure 5. To maximize the actuation stroke output, 

the auxetic SMM component is placed at position lAB and the bias component 

is placed at position lCD. This means that upon activation, the contraction of 

the auxetic SMM component is counteracted by the stretching of the bias 

component imposed through the kinematic constraints of the auxetic material 

deformation mode. Since lAB > lCD, this also leads to the total positive 

operating stroke of the actuator. To quantify the operating stroke of the 

system, it is necessary to equilibrate the force and displacement of the auxetic 

SMM and bias components along the lAB direction. Because the auxetic SMM 

component is aligned along lAB, the force-displacement plots obtained from 

uniaxial loading of this component can be used directly, as shown in Figure 

5. However, this is not the case for the bias component oriented 
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perpendicular to lAB. Therefore, the force and displacement exerted by the 

bias component in the direction lAB required to maintain the equilibrium of 

the system must first be found through the kinematic laws that define the 

deformation of the auxetic material system. [25-28]. 

The pre-strain of the auxetic SMM component can be driven by the elastic 

bias component, which in this case is assumed to be a flexure hinge or 

compliant systems that deforms linearly over high strains. This means that 

during actuator assembly, the auxetic SMM component must first be 

introduced within the system with a predetermined length lSMM, followed by 

the elastic bias component. For the bias component to pre-stress the SMM 

component, the initial length lbias in the remainder of the bias component 

must be less than the length lCD corresponding to the length lAB of the auxetic 

SMM component. This condition can be expressed as: 

 𝑙𝑏𝑖𝑎𝑠 < √4𝑎2 − 𝑙𝑆𝑀𝑀
2                                                                                        (4) 

and to integrate the bias component within the actuator, we ensure that the 

pre-strain applied to the bias component imparts sufficient force to balance 

the SMM and induce pre-strain in the latter component. The force-

displacement relationship of the auxetic SMM component in its martensitic 

phase is represented by a tri-linear model. The SMM has an initial length 

of lSMA at rest and the model (shown in figure 3) may be expressed in terms 

of force (FAB ) and total length (lAB ) along the line between the points A and 

B as: 

𝐹𝐴𝐵 = 𝑘𝑀(𝑙𝐴𝐵 − 𝑙𝑆𝑀𝑀), 𝑙𝑆𝑀𝑀 ≤ 𝑙𝐴𝐵 < (𝑙𝑆𝑀𝑀 + 𝑑𝑇)                                       (5) 

= 𝐹𝑇 − 𝑘𝑇(𝑑𝑇 + 𝑙𝑆𝑀𝑀 − 𝑙𝐴𝐵), (𝑙𝑆𝑀𝑀 + 𝑑𝑇) ≤ 𝑙𝐴𝐵 < (𝑙𝑆𝑀𝑀 + 𝑑𝐷𝑀)     

(6) 

 = 𝐹𝐷𝑀 − 𝑘𝐷𝑀(𝑑𝐷𝑀 + 𝑙𝑆𝑀𝑀 − 𝑙𝐴𝐵), (𝑙𝑆𝑀𝑀 + 𝑑𝐷𝑀) ≤ 𝑙𝐴𝐵                     (7) 

where kM(=
𝐸𝑀𝐴

𝑙𝑆𝑀𝑀
⁄ ), kT (=

𝐸𝑇𝐴
𝑙𝑆𝑀𝑀

⁄ )and kDM (=
𝐸𝐷𝑀𝐴

𝑙𝑆𝑀𝑀
⁄ )are 

the stiffness constants for the twinned martensitic state, transition state and 

detwinned martensitic state in the uniaxial experiments of SMM wire, 

respectively, while FT (= 𝜎𝑇𝐴), dT (= 𝜀𝑇𝑙𝑆𝑀𝑀) , FDM (=
𝜎𝐷𝑀𝐴) and dDM (= 𝜀𝐷𝑀𝑙𝑆𝑀𝑀) represent the force (F) and displacement (d) 

thresholds required to switch from the first to second state (eqs. (5)–(6)) and 

the second to third state (eqs. (6)–(7)). These three lines represent the force-

displacement behavior of the martensitic SMM in the twinned, transition and 

detwinned state respectively and are valid within the limits defined in the 

equations. 

This numerical modelling of the force-displacement of martensitic auxetic 

SMM is identical to the analytical method to model uni-axial bias actuator 

behavior. The equations can be expressed in terms of stiffness constants, 

transformation displacements and forces rather than Young's modulus, strain 

and stress for various geometric patterns. In the case of auxetic SMM, these 

factors may easily be derived directly from basic stress–strain plots in the 

experimental parts. As shown in Figure 5, the force-displacement behavior 

of the bias component counteracting the auxetic SMM is represented by a 

non-linear model along the line AB. This is due to the fact that although the 

stiffness of the bias component is constant, it is aligned along the line CD, 

orthogonal to the line AB. The austenitic force-displacement behavior in 

Figure 5 is represented by the following linear model: 

 𝐹𝐴𝐵 = 𝑘𝐴(𝑙𝐴𝐵 − 𝑙𝑆𝑀𝑀)                                                                                   (8) 

 𝐹𝐶𝐷 = 𝑘𝑏𝑖𝑎𝑠(𝑙𝐶𝐷 − 𝑙𝑏𝑖𝑎𝑠)                                                                               (9) 

𝐹𝐴𝐵 =
𝐹𝐶𝐷

𝑡𝑎𝑛𝜃⁄                                                                                            (10) 

where kA(=
𝐸𝐴𝐴

𝑙𝑆𝑀𝑀
⁄ ) represents the stiffness constant of the SMA in its 

austenitic phase.  lbias is the initial length of the elastic bias component 

and kbias is the associated stiffness constant. 𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑙𝐴𝐵

2𝑎⁄ ). 𝑙𝐶𝐷 =

√4𝑎2 − 𝑙𝐴𝐵
2 .  

Eq. (10) is non-linear model for the bias component along the line AB, and 

𝑙𝐸𝑞.𝐻 = 𝑙𝐴𝐵,𝐸𝑞.𝐻 + 𝑙𝐶𝐷,𝐸𝑞.𝐻 and 𝑙𝐸𝑞.𝐶 = 𝑙𝐴𝐵,𝐸𝑞.𝐶 + 𝑙𝐶𝐷,𝐸𝑞.𝐶  for the martensitic 

and austenitic phase of actuator can be used to find the corresponding cold 

and hot equilibrium global length of actuator. The maximum permissible 

actuation for a given bias component can be given by, 

𝑙 = 𝑙𝐴𝐵 + 𝑙𝐶𝐷 = 𝑙𝐴𝐵 + √4𝑎2 − 𝑙𝐴𝐵
2                                                            (11) 

 

 

(a) Relationship between forces and displacements acting along lAB 

https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749f3
https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749eqn5
https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749eqn6
https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749eqn6
https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749eqn7
https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749f3
https://iopscience.iop.org/article/10.1088/1361-665X/acb749#smsacb749f3
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(b) Deformation of unit auxetic cell under tensile loading 

Figure 5: A qualitative plot showing the forces and displacements acting along lAB for the SMM in martensitic and austenitic state and the opposing bias 

component. The equilibrium points at the SMM hot and cold states are also indicated 

 

 

Figure 6: Sample schematics of auxetic SMM actuator for arm muscular skeletal motion 

 

 
(a) Flowchart for exercise prediction 

 

 
(b) Flowchart for movement assessment 
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Figure 7: Flowchart for feedback control of smart haptic suit 

 

4 Discussion and Conclusion 

In the user-centered smart haptic development technology, there is a 

need for continued development of integrated technology that can transform 

electronic devices into clothing. To advance from block-based to embedded 

and finally to fiber-based technology, new materials such as EAP, 

nanotechnology, and new technologies such as electrospinning in textile 

converting technology are the next generation. Active research must be 

conducted to develop materials. For the elements that make up smart 

clothing, such as sensors, power supplies, and output devices, to operate 

efficiently, interconnection technology that considers compatibility, 

durability, and usability must also be developed. Currently, there are 

differences in the level of development of clothing-embedded technology for 

each component of smart clothing. Therefore, standardized standards must 

be established to achieve effective interconnection between each component. 

Smart haptic suits are fashion items that must satisfy users in both functional 

and emotional aspects. Therefore, user-centered technology that reflects the 

potential needs of consumers requires the integration and interconnection 

technologies mentioned above. Smart haptic suit using these smart materials 

can be broadly divided into passive and active types, the latter of which 

consists of a sensor that can detect environmental changes and an actuator 

that can respond, and can detect physiological changes in the living body 

through electrical, magnetic, and A sensor that detects or monitors with 

optical signals is built or installed in the form of an array chip on a thin 

polymer sheet, paper, fiber material, or special material sheet. A bio-signal 

sensitive actuator that operates according to detected bio-signals is built into 

or installed on the same sheet. In some cases, the detected bio-signal can be 

communicated with an external digital device to drive an actuator mounted 

on a separate structure. 
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