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Introduction
The world is rapidly becoming an aging society as science and medical technology 
advance. The World Health Organization (WHO) predicts that the proportion of the 
world’s elderly aged over 60 years, reported at 12% in 2015, will approximately double 
to 22% by 2050, and the rate of population aging will continue to increase (World Health 
Organization, 2018). As humans age, they experience a decline in physical performance 
due to physical and physiological changes, including nervous system decline and muscle 
loss (Carmeli et al., 2003; Ranganathan et al., 2001; Van Beek et al., 2019). In particular, 
hands provide important functionality in most daily activities, such as holding and mov-
ing objects. Therefore, weakened hand-grip strength may cause inconvenience in per-
forming everyday tasks, such as writing, using zippers, opening doors, and buttoning 
clothes (Nordin & Frankel, 2001). Further, such a decrease in hand muscle strength is 
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also correlated to a reduction in estrogen, which is more prone to occur in women than 
men (Collins et al., 2019). Therefore, women tend to experience more difficulties in their 
hand motion than men as they age.

Recently, various attempts have been made to develop assistive gripping devices for 
people with decreased hand muscle strength (Kang et  al., 2019; Kazeminasab et  al., 
2018; Kim et al., 2017; Saharan et al., 2017; Yap et al., 2017). However, most efforts have 
focused on the development of exoskeleton devices, which are made of rigid materi-
als, and are thus likely to put a strain on the human body. As an alternative solution 
to mitigate the wearability issue of rigid exoskeletons, softer and lighter materials have 
been adopted. However, the soft wearable approach seems to present its own limitations 
because they cannot provide sufficient force as opposed to exoskeleton devices. There-
fore, we investigated the mechanical characteristics of a shape memory alloy (SMA) to 
gauge the material’s potential in soft wearables, particularly as a hand-gripping aid for 
the elderly.

An SMA is an intelligent material with a structure that transforms into a memorized 
shape by changing the phase of the material by varying temperature. An SMA can be 
easily manufactured into plates composed of various thicknesses and widths, wires of 
several millimeters to tens of micrometers, and actuators of specific shapes. The desired 
mechanical properties and shapes of SMA materials can be realized through a diverse 
combination of nickel and titanium. These characteristics have been applied in diverse 
wearable devices intended to assist the human body, including a wrist-assist wearable 
robot using an SMA coil-spring actuator (Jeong et al., 2019), an ankle-assist smart fabric 
using an SMA-based actuator (Kim et al., 2020), an SMA-based auxiliary sleeve (Ammar 
et  al., 2010), and a wearable garment integrating fabric muscles that can assist arm 
strength when lifting heavy objects (Park & Park, 2019).

There have been previous efforts to adopt SMAs in the development of gripping aids 
by trying to replicate human hand motions using the material. However, these efforts 
mostly focused on the development of grippers to be used in industrial settings or robots 
using a tendon-driven system to control force (Andrianesis & Tzes, 2015; Bundhoo et al., 
2009; Price et al., 2007; Silva et al., 2019). To render the bending degrees and strengths of 
SMAs suitable for human hands, recent studies have examined the use of different stiff-
nesses for each finger joint (Liu et al., 2020) or attempting precise control by applying 
analytic methods and reinforcement learning (Liu et al., 2019; Simone et al., 2019). In 
doing so, researchers have combined SMAs with other materials that have different stiff-
nesses, such as paraffin and shape memory polymer, to increase the maximum gripping 
force or to selectively change the stiffness while maintaining flexibility in a low-stiffness 
state (Wang & Ahn, 2017; Wang et al., 2020).

Furthermore, some researchers have examined SMAs in the form of fabric- or knit-
type actuators. For example, Liu et. al. (2020) investigated the heat and humidity char-
acteristics of SMA fabrics. Yuen et. al. (2014) composed fabric by stitching an SMA 
onto the woven fabric to perform various driving motions. Research attention has also 
focused on the use of knitted SMA wire. For example, Han and Ahn (2017) proposed 
loop-linked soft morphing structures for soft robots. In addition, Granberry et. al. (2017, 
2019) presented a method of designing a calf aid for preventing orthostatic hypotension 
and an SMA fabric that fits itself to the body using a knitted SMA structure. Eschen et. 
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al. (2020) summarized guidelines that can be applied when designing a device using a 
knitted SMA actuator. Nasir et. al. (2014) asserted the importance of comprehending 
static and dynamic motions of the human hand (including those of the fingers) for the 
application of fabric- or knit-type SMA actuators in hand-gripping aids.

Various methods have been adopted in previous research (Bain et  al., 2015; Murai 
et  al., 2018) to measure finger joint angles. For example, some studies reported high 
precision of a 3D motion-capture system and strain sensor and application of a high-
density inertial measurement device in measuring the range of finger motion (Li et al., 
2018; Reissner et  al., 2019), but they seem to increase the complexity of experimental 
procedures and are more time-consuming. Some have proposed a simple, alternative 
measurement tool such as a smartphone-based angle measurement app and argued the 
app’s advantage in speed as compared to a goniometer (Lee et al., 2018; Miyake et al., 
2020; Zhao et al., 2020). However, this method is less accurate. In this study, we adopted 
automatic 3D scanning technology to generate accurate finger-bending angles. Accord-
ing to Nasir and Troynikov (2017), 3D scanning technology is practical in improving 
an assistive device’s wearability based on an accurate understanding of the relationship 
between the wearable device and the human body. This 3D technology makes it pos-
sible to accurately derive surface characteristics such as curvature and bending angles 
by creating exact landmark points on the human body, provides a minimum error rate, 
and can obtain detailed differences in human body characteristics such as size, shape, 
and contour in a short time (Choi & Hong, 2015; Pang et al., 2018; Yu et al., 2013). With 
this technology, we intend to add a fourth element (time) to the 3D composition through 
shape transformation such as shrinking, expanding, folding, and unfolding the knit 
material, thus creating a 4D gripping aid that corresponds with changes in shape defor-
mation over time (Du Toit et al., 2020).

We aimed to develop a hand-gripping aid in the form of a glove using a 4D knitted 
SMA for elderly women and evaluated its wearability based on finger-bending angles. 
This aid was fabricated by knitting SMA wires of several hundred micrometers thick. 
Specifically, in this study, we recruited elderly women because the age-related decline 
in hand function is more pronounced in women than in men (Choi et al., 2018). Based 
on the understanding of the gripping characteristics of elderly women and mechanical 
properties of the knitted SMA, a glove-type wearable gripping aid was designed and 
produced. To achieve the research goals, we first analyzed the bending properties of the 
knitted SMA module itself, then measured the finger-bending angles of elderly women 
when in gripping motion, and finally compared the bending angles of a gripping aid 
made of a knitted SMA module and those of the elderly women’s natural finger move-
ments. We hypothesized that the bending angles of the SMA-based gripping aid were 
not different from those of elderly women’s fingers when they grip an object.

Methods
Participants

A total of nine Korean elderly women (N = 9) participated in this study. The study was 
approved by the participating university’s Institutional Review Board Committee (IRB 
No. 1903/003-004), and all participants provided written informed consent prior to par-
ticipation. The mean age of the participants was 66.7 ± 2.26 years old. All participants 
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were right-handed, and those with any hand injuries or abnormalities were excluded. 
Table 1 shows a summary of the participants’ physical characteristics.

3D scan measurements of finger‑bending angles

We measured the participants’ finger-bending angles in a relaxed posture and a ball-
gripping posture using 3D body-scanning technology. The regions of measurement 
are broadly divided into the finger, dorsal hand, and wrist regions, corresponding to 
the phalangeal (Fig. 1a), metacarpal (Fig. 1b), and carpal regions (Fig. 1c), respectively. 
Measurement points were marked at each finger joint of the thumb, index finger, and 
middle finger according to the anatomical position of the hand (Fig. 1). We included the 
distal interphalangeal and carpal bones (lunate bone close to the ulna and located in the 
center of the wrist) as anatomical landmark reference points for grip posture (LaBat & 
Ryan, 2019). Circular landmarks of 5 mm in diameter were attached to the measurement 
reference points set on the fingers and dorsal hand of the participants to minimize meas-
uring errors.

Participants’ hands were set to relaxed and ball-grip postures during 3D scanning as 
shown in Fig. 2. The relaxed posture (Fig. 2a) was set when the hand was comfortably 

Table 1  Physical characteristics of participants

SD standard deviation

Participants (N = 9) Mean(SD)

Age (years) 66.7 (2.26)

Height (cm) 159.20 (2.90)

Weight (kg) 57.00 (5.54)

Fig. 1  Measurement positions and points on the participant’s hand for 3D scanning. Phalangeal region, 
metacarpal region, and carpal region
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placed on the measurement desk without gripping anything. The ball-grip posture was 
measured using a tennis ball (diameter: 65 mm, weight: 56 g) (Fig. 2b, c). The partici-
pants were asked to hold the ball steadily and place their hands on the measurement 
desk. A 3D human-body scanner (Artec Eva; Artec 3D, Luxembourg) was used to extract 
3D hand models and anthropometric measurements at the two postures, and data were 
extracted for each posture using software (Artec Studio 11 Professional; Artec 3D, Lux-
embourg). The vertex of the triangular mesh at the center of every landmark point was 
marked using design reverse-engineering software (Geomagic Design X; 3D Systems, 
Rock Hill, SC). This measurement method was adopted to minimize errors in the meas-
urement. The landmark numbers according to fingers and joints are summarized in 
Table 2. The 3D measurements were repeated three times at each posture and data were 
presented as an average. 

Data were statistically analyzed using SPSS 25.0 (IBM, Armonk, NY). Independent-
samples t-tests were used to analyze the bending angles at the different hand regions and 
between the gripping aid and the participant’s fingers. The significance level was set at 
p < 0.05.

Materials

An SMA wire (DYNALLOY Inc., Irvine, CA; 55  wt% Ni and 45  wt% Ti, diame-
ter = 200 μm, transformation temperature = 70 °C) was used as the actuator material for 
the gripping aid. This wire was fabricated using a hand-knitting technique and the yarn 

Fig. 2  Angle measurement posture and method using a 3D scanner. a Relaxed posture, b gripping a ball, 
and c grip posture for angle measurement (α: the external bending angle of the second joint connected to 
the first joint, and β: the external bending angle of the first joint)

Table 2  Landmark numbers for the 3D scanning measurement of angles

Finger Thumb Index Middle

Proximal 
interphalangeal

Metacarpophalangeal Proximal 
interphalangeal

Metacarpophalangeal

Landmark 
number

1–2–9 3–4–5 (α, °) 4–5–9 (β, °) 6–7–8 (α, °) 7–8–9 (β, °)
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was wrapped with polyester fiber, as described by Han and Ahn (2017), to prevent elec-
tric leakage between loops and to increase the coefficient of friction. In addition, the 
polyester fiber reduces the Joule heat generated during SMA deformation at about 70 °C, 
thereby preventing from burn injuries on the human body, as well as physical damages 
on materials. Knitted SMA fabrics tend to have a higher shrinkage than woven fabrics 
because they undergo a knitting process with high stress and expansion (Choi & Lo, 
2003); thus, it was deemed suitable for a gripping-aid actuator for fingers with various 
joints.

The loops of the knitted SMA fabric were formed in succession and were continuously 
connected to the previous row. Among the various knitting techniques, the plain knit-
ting pattern consists of knit stitches on one side and purl stitches on the other side, so it 
has a bending characteristic with a surface composed of knit stitches when actuated by 
a SMA material (Granberry et al., 2019; Han & Ahn, 2017). In this study, the bending 
of the fingers was simulated by a plain knitted structure considering the ratio of wale 
and course, utilizing the structural bending characteristics of a plain knitting pattern. 
Figure 3 shows the design and manufacture of the SMA actuator to be applied to the 
gripping aid.

Fabrication of the gripping aid

Through a preliminary parameter study of the wale and course of the knitted SMA 
module, an optimal wale-course combination that closely simulates the finger sizes 
and bending angles of the human hand at the grip motion was confirmed, and the 
knitted SMA module was fabricated. The results revealed that the bending angle of the 
thumb is relatively small compared to those of the index and middle fingers. Consider-
ing the gripping mechanism that acts as a support when gripping an object, the knit-
ted SMA module was applied only to the index and middle fingers. The applied SMA 
module was manufactured using a 3.0 mm stainless-steel knitting needle. Taking the 
length and bending angle of each finger into account, the number of stitches for the 
index and middle fingers were set to be 3 wales × 18 courses and 3 wales × 20 courses, 
respectively.

The knitted SMA modules were attached to a glove by whip-stitching the loops 
on each end surface of the module fabric to the legs loops in the wale direction, and 

Fig. 3  Design and fabrication of shape memory alloy actuators. a Plain knitting module structure and b 
hand-knitting
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needle and sinker loops in the course direction, considering the joint position of each 
finger (Figs. 3a and 4a). The base glove has large shrinkage so that the attached SMA 
module can implement the finger-bending angle when actuated and was selected as a 
material that can minimize the effect on hand agility when worn (composition: nylon 
100%, size: medium). Figure  4b shows the appearance of the gripping aid with the 
knitted SMA module attached.

Measurement of bending angles of the SMA module and gripping aid

The bending characteristics of the two knitted SMA modules (i.e., index and mid-
dle modules) were analyzed. The top, middle, and bottom positions of the knitted 
SMA modules were situated in the wale direction at the same position as the distal, 
proximal interphalangeal, and metacarpophalangeal joints where finger landmarks 
were set. To measure the bending angles of the gripping aid while it was in actuation, 
pictures of the module were extracted by time-slot through video recording and the 
angles were measured from the side using a virtual protractor tool (Screen Protrac-
tor; Iconico Inc., Philadelphia, PA) (Fig.  5). A 3.0-A current was supplied to each 
module and actuated for 30  s, and the bending angle at each landmark was meas-
ured three times and averaged. Because the two proximal interphalangeal and met-
acarpophalangeal joints of the finger tend to create multifold angles at a gripping 
motion, we summed the angle values and used them in analysis.

In addition, the bending angles of the glove-type gripping aid with knitted SMA 
modules were also measured in the same manner as the module’s bending angle 
measurement, as described above. A 3.0-A current was supplied to each of the knit-
ted SMA modules on the index and middle fingers, and the changes in the bending 
angles of the gripping aid were measured over time. The gripping aid was operated 
for 30 s and the bending angle of each landmark was measured three times. The bend-
ing angles of the gripping aid were compared with the participants’ finger-bending 
angles.

Fig. 4  Fabrication of the shape memory alloy (SMA) knitted module-based gripping aid. a Position of SMA 
knitted module on the glove and b fabricated gripping aid



Page 8 of 16Lee et al. Fashion and Textiles            (2022) 9:11 

Results
Bending angle change of knitted SMA modules

The knitted SMA modules, which showed bending deformation from approximately 
10  s after the electric current was applied, demonstrated the maximum bending 
angle at 30 s and were completely deformed (Fig. 6). Table 3 shows changes in bend-
ing angles of the knitted SMA modules over time. As a result, the longer (middle) 
module had larger bending angles due to an increase in the driving force (proximal 
interphalangeal = 73.73 ± 0.57°; metacarpophalangeal = 108.57 ± 1.63°), and the 
shorter (index) module had relatively smaller bending angles (proximal interphalan-
geal = 62.57 ± 2.32°; metacarpophalangeal = 78.47 ± 1.27°). The total bending angles 
were 141.04 ± 3.59° in the index module and 182.30 ± 2.20° in the middle module, 
respectively.

Fig. 5  Side-view of the knitted shape memory alloy module and method for angle measurement. a Stitch 
composition of plain knitted pattern, b measurement points, unactuated state, and c measurement points, 
actuated state (α: the external bending angle of the second joint connected to the first joint, and β: the 
external bending angle of the first joint)

Fig. 6  Bending angle changes of the knitted shape memory alloy module over time
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Measurement of participants’ finger‑bending angles

Table  4 and Fig.  7 show the finger-bending angles of the participants in the ball-
grip posture, specifically for the thumb, index, and middle fingers. The proximal 

Table 3  Bending angle changes of the knitted shape memory alloy modules

Data are expressed as Mean (SD) 

SD standard deviation

Measurement 
landmark

Bending angle (°) by time

0 s 5 s 10 s 15 s 20 s 25 s 30 s

Proximal inter‑
phalangeal

0.00 (0.00) 0.00 (0.00) 7.40 (0.17) 12.13 (0.84) 22.17 (0.45) 49.93 (1.19) 62.57 (2.32)

Metacar‑
pophalangeal

0.00 (0.00) 0.00 (0.00) 6.03 (0.15) 16.83 (0.38) 19.83 (0.55) 51.57 (1.58) 78.47 (1.27)

Total 0.00 (0.00) 0.00 (0.00) 13.43 (0.32) 28.96 (1.22) 42.00 (1.00) 101.50 (2.77) 141.04 (3.59)

Proximal inter‑
phalangeal

0.00 (0.00) 0.00 (0.00) 8.03 (1.80) 13.17 (0.90) 19.10 (1.35) 62.23 (0.95) 73.73 (0.57)

Metacar‑
pophalangeal

0.00 (0.00) 0.00 (0.00) 7.07 (0.23) 16.80 (0.30) 28.00 (0.36) 62.43 (0.59) 108.57 (1.63)

Total 0.00 (0.00) 0.00 (0.00) 15.10 (2.03) 29.97 (1.20) 47.10 (1.71) 124.66 (1.54) 182.30 (2.20)

Table 4  Measurement results for participants’ finger-bending angles

SD standard deviation

Target object Landmark 
number

Bending angle (°)
Mean (SD)

Total (°)
Mean (SD)

P value

Thumb 1–2–9 35.21 (12.88) – –

Index finger

 Proximal interphalangeal 3–4–5 38.04 (11.79) 61.90 (18.20) 0.006

 Metacarpophalangeal 4–5–9 23.86 (6.41)

Middle finger

 Proximal interphalangeal 6–7–8 40.75 (11.24) 65.32 (20.09) 0.004

 Metacarpophalangeal 7–8–9 24.57 (8.85)

Fig. 7  Change in bending angle of the gripping aid over time



Page 10 of 16Lee et al. Fashion and Textiles            (2022) 9:11 

interphalangeal had a greater bending angle than the metacarpophalangeal in both 
index and middle fingers (index: t = 3.170, p = 0.006, middle: t = 3.393, p = 0.004). As 
suggested by the sum of the bending angles of the module, the bending angles at both 
hand regions (i.e., the total value of proximal interphalangeal and metacarpophalan-
geal) in the index and middle fingers were summed, which were 61.90 ± 18.20° and 
65.32 ± 20.09°, respectively. In other words, the total bending angle of the middle fin-
ger was relatively larger than that of the index. As these are similar to the results of 
the total bending angles of the SMA modules in “Bending angle change of knitted 
SMA modules” section, these index and middle modules were intended to be attached 
to the index and middle fingers of the glove, respectively. 

Bending angle changes with the knitted SMA‑based gripping aid

The bending angles of the gripping aid were measured for 30 s after applying a current of 
0.3 A to each SMA module (Fig. 7). Table 5 compares the changes in the bending angles 
of the gripping aid over time relative to participants’ finger-bending angles. The grip-
ping aid started to deform at approximately 10 s after applying the current and showed 
maximum deformation at 30 s. The maximum deformation angle of the gripping aid was 
91.30° in the index finger region and 104.47° in the middle finger region. The bending 
angle of the SMA module in Fig. 6 and the glove-type gripping aid in Fig. 7 show differ-
ent maximum bending angles at 30 s. This is because while the SMA actuator module 
was attached to the glove, the bending was attenuated by the glove material, and the 
blocking force of the surface extension of the glove material was greater than that of the 
SMA actuator over the bending angles. This issue could be partially controlled through 
the glove material and the method of attaching the gloves and SMA actuator module. As 
discussed in “Measurement of participants’ finger-bending angles” section, the middle-
finger module was designed to be longer than the index-finger module, as middle fingers 
are longer than index fingers, resulting in a higher bending angle. The middle module 
showed an approximately 29% greater bending angle than the index module, and an 
approximately 14% greater bending angle in the gripping aid.

Figure 8, which illustrates the combined results of Tables 4 and 5, shows how the 
bending angles of the gripping aid are relative to the elderly women’s finger move-
ments. As shown in Table 5, after actuating the gripping aid for 30 s, we noticed that 
the bending angle of the index finger of the gripping aid was similar to that of par-
ticipants’ fingers at 25 s and the bending of the middle finger of the gripping aid was 
similar to that of participants’ finger at 20 s. Therefore, we compared the data at 25 s 
for the index finger and 20 s for the middle finger. As for the index finger, at 25 s after 
actuating, the proximal interphalangeal of the gripping aid showed a bend angle of 
36.23° and that of participants’ fingers was 38.04°, which demonstrated a difference of 
approximately 4.7%. There was no significant difference between the bending angle of 
the proximal interphalangeal of the index finger in participants and that of the grip-
ping aid (t = 0.256, p = 0.803). As for the middle finger, at 20  s after actuating, the 
proximal interphalangeal of the gripping aid showed a bend angle of 37.03° and that 
of participants’ fingers was 40.75°. There was no significant difference between the 
bending angle of the proximal interphalangeal of the middle in participants and that 
of the gripping aid (t = 0.987, p = 0.352). As discussed earlier, we used the summed 
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values of all multifold angles created by the bending of the two finger joints when 
holding an object; that is, the total bending angle of the index finger in participants 
and that of the gripping aid were equal to the second decimal point. The total bend-
ing angle of the middle finger in participants and the gripping aid were 65.32° and 
72.26°, respectively, with no significant difference (t = − 0.829, p = 0.426). This indi-
cates that a gripping aid based on a knitted SMA can implement a motion similar to 
that of gripping by participants, which supported the study hypothesis. Furthermore, 
Fig. 9 illustrates a hand of an elderly woman wearing the gripping aid and gripping 
a ball. We actuated it while the participant wore it on her hand at 0.3  A, as when 
driving only the gripping aid. Finally, we confirmed that the fingers were bent only 

Fig. 8  Comparison of finger-bending angles for the gripping aid versus participant finger movements

Fig. 9  Before and after actuating with a gripping aid on the hand of an elderly woman. (a) before actuation 
and (b) after actuation
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with the driving force of the gripping aid without applying force to the hand when an 
elderly woman wore the gripping aid with the SMA module attached.

Discussion
This study presented a method of applying a knitted SMA actuator to the finger as an 
assist device along with an ergonomic approach to mimic the bending angle of elderly 
fingers. As the knitted SMA module we designed was actuated, the shape deformation 
of the knit loops connected to each other showed bending characteristics. We derived 
anthropometric data to reproduce the bending angle of the elderly finger by applying 
the fourth element of time to this intelligent material and applying shape deformation 
characteristics (i.e., bending) over time. We measured the exact bending angle of the 
joints from the 3D shape of the elderly female fingers in the grip posture obtained using 
a 3D scanner. Although there are various studies measuring finger-bending angles (Bain 
et al., 2015; Miyake et al., 2020; Murai et al., 2018; Reissner et al., 2019; Zhao et al., 2020), 
no attempt to date has been made to extract the exact angle on the 3D finger model 
using 3D scanning technology. Through this, we found that the assistive aid developed 
in this study can accurately simulate the bending angle of fingers of elderly women. This 
approach is suggested to be used in developing assistive devices that could be applied to 
larger parts of the human body.

Additionally, we found differences between the index- and middle-finger joint angles 
and the proximal and metacarpophalangeal joint angles when the elderly women gripped 
a ball. We found that SMA modules attached to a glove can implement the bending 
angle when gripping a ball derived from the index and middle fingers of elderly women. 
In particular, at the proximal interphalangeal joint, the middle module was driven faster 
than the index module, which realized the bending angle of the finger in 20  s. This is 
because the middle module has more loops in the wale direction than the index module. 
It could also be due to the effect of the direction of current flow and the greater driv-
ing force (Bhargaw et al., 2013). Finally, we found that these modules could be worn on 
the hand of an elderly woman and operated by actuating the gripping aid to realize the 
bending motions of the fingers.

Conclusions
This study discovered the mechanical properties of knitted SMA modules through an 
ergonomic method and was able to simulate the bending of elderly finger joints. How-
ever, the grip movement of the human hand involves not only the bending of the finger 
but also a combination of other factors such the stiffness of materials, the frictional force 
between the surface of the object, and the point where the gripping aid can withstand 
the weight of the object. Further, for postmenopausal elderly women, the skin surface 
changes caused by the decrease in skin tissues, due to collagen loss, should also be taken 
into consideration when developing a wearable hand gripping aid (Lee, 2019; Tobin, 
2017). In this study, the bending angle was implemented through a fabric-type bending 
module with a curvature, but additional research is needed to investigate the implemen-
tation of joint folding through a combination of modules. The SMA actuator module 
was manufactured through hand-knitting, but to mass-produce modules with the same 
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performance, it is necessary to devise a mechanical module-manufacturing method. In 
addition, to utilize a gripping aid as a mobile wearable device, further research should be 
conducted into ergonomic factors (such as finger strength, fingertip pressure, and joint 
fold) and power supply for the utilization of wearable devices that will contribute to the 
realization of effective gripping aids for elderly women, which are essential in an aging 
society. In conclusion, the outcomes of this study suggest the practical potential of our 
developed wearable device as an effective hand-gripping aid for the elderly, based on a 
novel 4D material and ergonomic design approach.
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