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Published online: 24 June 2019 A suit-type wearable robot (STWR) is a new type of soft wearable robot (SWR) that can be worn

easily anywhere and anytime to assist the muscular strength of wearers because it can be worn like
normal clothes and is comfortable to wear even with no power supply. This paper proposes an STWR,

. in which a shape-memory-alloy-based fabric muscle (SFM) is used as the actuator. The STWR, which

. weighs less than 1kg, has a simple structure, with the following components: SFMs, wire encoders for
measuring the contraction length of the SFMs, and BOA that fix the actuators on the forearms. In this

. study, a position controller for the SFM using the wire encoder was developed, and a prototype STWR

. was fabricated using this position controller. Moreover, by putting the STWR on a mannequin, step-

. response experiments were performed in which the arms of the mannequin lifted barbells weighing 2 kg
and 4 kg to a certain target position. A fast response of moving to the target position in less than 1s was
observed in all steps except for the initial heating step for the 2 kg barbell. The response speed of the

: SFM was noticeably slower for the 4 kg barbell compared to that for the 2 kg barbell; it moved to the

. target position in approximately 3 s in all the steps except for the initial heating step. The SFM-applied

. STWR could overcome the limitations of conventional robots in terms of weight and inconvenience,

. thereby demonstrating the application potential of STWRs.

© Wearable robots constitute a technology that enhances and assists the physical functions of human arms or legs to
exhibit a large force by using a small force. By enhancing the muscular strength of elderly persons or patients fac-
. ing difficulties during movements in daily life, these robots help them move; in industrial sites, they can increase
© productivity by assisting workers to carry or move heavy objects. This technology of wearable robots is being
researched and developed for several diverse applications. At present, it is one of the most spotlighted tech-
nologies'™. Wearable robots are classified into hard-type wearable robot (HWRs) and soft-type wearable robot
(SWRs) according to the materials used in the system and the maneuvering method. In an HWR, the whole
system consists of a hard frame, and it is driven by mainly a motor-gear mechanism®. Because it delivers a force
that is generated by the actuator to the human body through the hard frame, the assistive force can be easily
delivered to the wearer. However, because the total weight of system is high and it is bulky, an HWR is inconven-
ient to wear. Furthermore, when no power is supplied, the range of activity is limited because the wearer cannot
: perform activities freely and the HWR becomes a burden. For example, the PERCRO body extender developed
. by Fontana et al.’ uses a direct-current brushed torque motor for the actuator and consists of an aluminum frame,
and the total weight of system is 160kg. In the NESM developed by Simona et al., the total weight of system is
. 136kg, and the weight of the wearable exoskeleton module only is 13 kg. Furthermore, the exoskeleton developed
© by Innophys” uses McKibben-type pneumatic artificial muscles for the actuators, and because it is driven by a
* manual pump, the total weight is 5.0 kg. Although its weight is relatively light, it is still bulky and inconvenient for
. wearers. To overcome the limitations such as the heavy weight and discomfort associated with HWRs, studies on
: SWRs have been actively carried out in recent years®’. As an SWR consists of flexible materials, rather than hard
materials, the weight is light and a person can wear it easily. Moreover, it is comfortable to wear, without any unfa-
miliar sensation. Most SWRs developed till date have motor®~!* or pneumatic-type!#-*° actuators. A soft exosuit
- developed at Harvard Univ'®!". delivers force to a wearer by using a tendon-driven mechanism in which a motor
: winds and unwinds a wire. Although it has the advantage of a fast motor response, it also has a disadvantage in
: that a wearer has to additionally carry the actuator of the tendon-driven mechanism. The exosuit developed by
 Wehner et al.'*, the SWR developed by Park et al.'® and the soft pneumatic glove developed by Polygerinos et al.'¢
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Figure 1. Overview of the SFM-applied STWR: (a) Schematic of the STWR. Inside the STWR, a shoulder strap
is stitched and fixed to the back part of the garment; it connects the SFM and the body of the wearer. The SFM is
placed between the shoulder strap and BOA*® attached to a sleeve; in reality, the STWR is worn while the BOA
is in a loose state, and when the wear requires assistive force from the STWR, the BOA is fixed on the forearm.
(b) Fabricated SFM. For insulation between the SMA springs inside the SFM, it is stitched between the SMA
springs. The SFM consists of 20 SMA springs, arranged as two layers with each having 10 springs. (c) When a
person wearing the STWR lifts an object and holds it, the relaxed SFM inside the STWR contracts and assists
the muscular strength of the arms.

use pneumatic actuators. Such pneumatic SWRs provide the advantages of fast response speed. However, they
require devices such as compressors and regulators in addition to the actuator controller. Hence, actuating noise
is high and the total volume and weight increase. Various soft actuators have been studied to overcome these
problems. Textile/fabric-type actuators have been investigated, such as a fabric actuator that uses pneumatic tubes
by Funabora®! and pneumatic textile actuator (PTA) by Fujimoto ef al.?*. In addition, actuators driven by electric
voltage or electric Joule heating have been examined?¢-!. Maziz et al. studied soft actuator fabricated in textile
form by knitting fibers with conductor coating?. However, its force was as small as 1 mN and its actuation time
for one cycle was as slow as 800s. Han et al.?® evaluated a textile/fabric-type actuator by wrapping a shape mem-
ory alloy with fiber and then knitting it like a yarn to realize a flower that spreads its petals at a temperature of
approximately 70 °C by passing electric current or changing external temperature. This textile actuator is not
suitable as an SWR actuator because of its weak strength and slow response speed. Yuen et al.” developed a fabric
actuator capable of bending motion by integrating a shape memory alloy wire on the fabric. Its strain under the
unconstrained condition is as high as 60%, but the linear isometric force is only 9.6 N, which is insufficient for
the SWRs. Ramachandran et al.* developed an all-fabric wearable electroadhesive clutch capable of sustaining a
10kg load, but this is not an actuator. As shown above, the textile/fabric actuators developed until now provide
the advantages of flexibility and light weight. However, they are not suitable to be used as SWR actuators because
of low load capacity and low strain.

To expand the application range of SWRs, the limitations of conventional SWRs should be overcome. In other
words, a silent SWR should be developed that is inexpensive, light, and easy to wear like normal clothes and
can be worn comfortably even when there is no power supply. Therefore, in this study, a new suit-type wearable
robot (STWR) was developed, which can provide assistive force to the arms of wearers, as shown in Fig. 1(a); this
STWR comprises a shape-memory-alloy (SMA)-based fabric muscle (SFM) (Fig. 1(b)), which is an actuator that
is inexpensive, light, flexible, and soft. An SFM is a fabric-type soft actuator composed of SMA spring bundles®.
SMA coil springs fabricated from a NiTi SMA wire (NEXMETAL Co.) with a diameter of 0.5 mm and a transition
temperature of 40 °C* are arranged inside an SFM. Because the exterior is covered by a fabric, it is flexible, light,
and soft. Table 1 compares the SFM used in this study with the earlier textile/fabric actuators. Pneumatic-driven
PTA® is 10 times heavier than the SEM. Electric voltage®® or electric Joule heating actuators*®* are lighter than
the SFM; however, their force is less than 1/10 of that of the SEM and they have lower strain. The SEM has a
suitable force and strain performance for soft wearable robots compared to other textile/fabric-type actuators.
Because the SFM is covered by a fabric, even if SFM directly touches the body of wearers, there is no discomfort.
Furthermore, unlike other STWRs, because the SFM-applied STWR does not need additional devices such as
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Fujimoto et
al? Maziz et al.* Han et al.?® Yuen et al.”® Park et al.>! (SFM)
Pneumatic | Conducting Shape memory Shape memory alloy
silicon polymer (Electric | alloy (Electric Joule | wire (Electric Joule | Shape memory alloy
Actuation method tube voltage) heating) heating) (Electric Joule heating)
Isometric force [N] 100 0.1 10.5 9.6 120
Strain [%] (Unconstrained condition) | 18 0.32 4 60 67
90% Contraction Time [s] — 620 25 31 1
Weight [g] 300 — — — 24

Table 1. Comparison of textile/fabric-based actuators.

motors, compressors, and regulators, it facilitates free movements and activities that have no limitation in terms
of the movement range. Furthermore, because the STWR weighs less than 1kg and is light as normal clothes, its
wearability is excellent and daily activities can be performed anywhere and anytime. Moreover, it can be easily
worn or removed without the help of another person.

The SFM applied to the proposed STWR was designed and fabricated as described in®'. 20 SMA springs which
were fabricated using SMA wires of diameter 0.5 mm were used in SFM. According to the connection method
used for the SMA springs inside the SMA, the total combined resistance changes; based on this change, the elec-
tric power required for driving the SFM is determined. To operate the SEM with a regular battery of capacity 15V
and 10 A, this study used an SFM fabricated by connecting four sets of SMA spring bundles in series, in which five
SMA springs are connected in parallel’'. The SFM, which contracts in the length direction owing to Joule heating,
shows a 52% contraction in no-load conditions and 40% contraction under a load of 5kg when heated from 25°C
(average room temperature) to 40 °C. Furthermore, because a single SMA spring can exert a force of 5N with a
7.5W input power, one SFM unit can exert a force of 100 N with an input power of 150 W. The force generated by
the SFM is proportional to the number of SMA springs present in it*"*>4. The assistive force that can be exerted
by the STWR is determined by the force specifications of the applied SFM. Therefore, according to the assistive
force specifications of the STWR to be designed, the number of SFMs or the number of SMA springs in an SFM
should be selected.

As shown in Fig. 1(c), when a wearer lifts a heavy object and moves while holding it, the SFMs attached to
the STWR contract and assist the muscular strength of the arms. When a wearer performs a certain task, the
contraction length of the SFM should be adjusted according to the circumstance. To this end, position control is
required, which controls the length of the SEM by controlling the input current supplied to the SEM by measuring
and feeding back the length of the SFM. To measure the length of the SFM, a small wire encoder that contracts
and relaxes in the length direction was fabricated and attached to the SFM. This paper discusses the experimental
results regarding the position control performance of SEM using the wire encoder, and the process for fabricating
the STWR based on these results. Further, a mannequin was made to wear the STWR to evaluate its feasibility by
performing force assistance performance tests and the arm angle control tests.

Position control of SFM with a wire encoder.  To support the tasks of wearers, STWRs should be con-
trollable according to the angle of the elbow, which changes depending on the task-performing states of wearers.
Therefore, among the functions of the actuator that drives the STWR, position control is a function that is abso-
lutely required. Hence, for the position control of SEMs, a wire encoder (Fig. 2(a2)) was fabricated and attached
to the upper part of the SEM. The wire encoder (Custom-built by i2A systems Co., Ltd, Republic of Korea) is a
sensor that measures linear displacement using a magnetic encoder (Fig. 2(al))*. As shown in Fig. 2(a2), when
the wire of the encoder is pulled, a voltage corresponding to the pulled length is outputted. Considering the con-
traction displacement of the SFM, the encoder was designed to measure displacements in the range of 0-100 mm;
its width and length are 22 mm, height is 17.5 mm, and weightis 10g.

Figure 2(a) shows the experimental setup for position control of the SEM after performing calibration to con-
vert the voltage value outputted by the wire encoder into length units. The upper part of the SFM was fixed on the
frame, and a 5kg mass was hung at the lower part. The body of the wire encoder was attached to the upper part
of the SFM, and the tip of the wire was fixed on the lower part of SFM. The displacement of SFM was measured
by the wire encoder. In addition, a thermocouple for monitoring the temperature of the SFM was attached one of
the SMA springs inside the SFM.

A proportional-integral (PI) position controller (Fig. 2(b)) was constructed for measuring the displacement of
the SFM through the wire encoder attached to the SEM; by feeding it back, the input current supplied to the SFM
was controlled to maintain the target position. A position control experiment was performed, in which the SFM
was contracted into a staircase shape by increasing the target position in 10-mm intervals in the 0-50 mm range.
Here, the displacement and temperature of the contracting SFM were measured simultaneously.

By adjusting the gain values of the PI position controller as K, = 0.8 and K;= 0.1, optimal gain values were
set. In the remaining sections excluding the 0-10 mm section where the SEM contracted for the first time, a fast
response was observed as the contraction to the target position was performed in less than 0.5s. The 0-10 mm
step showed a relatively slower response compared to the other steps because it is the step where the SEM is heated
from an initial temperature of 25 °C. During position control of the SFM in the range of 0-50 mm, the measured
maximum temperature was approximately 45 °C. For a contraction displacement of 50 mm, the temperature had
to be increased by approximately 20 °C from 25 °C to drive the SFM.
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Figure 2. (a) Experimental setup for evaluating position control performance of SFM: (al) Initial state of wire
encoder. (a2) Wire encoder during pulling of the wire. (b) Block diagram of position controller for SFM. The
SEM stretched by the 5kg mass is controlled from the initial position (d1=0) to a target position in steps of
10mm. (c) Step responses of SFM.

Fabrication and evaluation of the STWR based on SFM. The STWR designed using the SFM and
wire encoder described above was fixed to work clothes that can be easily purchased. The shoulder strap attached
inside the STWR was fixed by sewing it on the back part of the garment (Fig. 3(a)). Moreover, to place the SFM
around the biceps, a 100-mm-long strap was additionally sewn and attached to the shoulder strap (Fig. 3(b)). To
replace the SFM easily, the upper part of the SFM was fixed by using the eyelet at the tip of the attached strap.
Furthermore, the shoulder strap is fitted tightly on the shoulder and back of the wearer inside the STWR to pre-
vent slipping or inclination of the SFM to one side caused by the load. Forearm-tightening bands (FTBs) were
fabricated and attached to the lower sleeves of the garment to fix them to the lower part of the SFM using wires.
Because the FTB is a part that contacts the forearm of wearer directly and is fixed, a cushion pad fabricated with
a soft spongy material is attached to the internal contact surface (Fig. 3(b)).

For selectively fastening and releasing the FTB, a BOA’, which is often used in hiking shoes, running shoes,
and medical assistive devices was used. Because the BOA is fastened when the dial connected to the wire is turned
and the connected wire is wound, the FTB can be easily fixed on the arm by adjusting it to the thickness of the
arm. During normal activities, if the FTB is released by releasing the BOA, it is in the same state as the sleeves of
regular clothes; there are no restrictions for the activities and no hindrances for movements. When the wearer
needs reinforcement or assistance for muscular strength, the FTBs are fixed on the arms by fastening the BOA
(Fig. 3(c)). The total weight of the STWR is 0.96 kg, including all components such as the shoulder strap, SEM,
and sensor, and it is similar to the weight of a regular jumper.

To evaluate the performance of the fabricated STWR, the experimental setup was configured as shown in
Fig. 4(b). After putting the STWR on the upper body of mannequin, the arm-bending motion of the mannequin
and position control performance of the STWR was evaluated. For this, two different loads were applied to the
arms of the mannequin using barbells of weight 2kg and 4 kg. By fastening the BOA, the FT'B was fixed to attach
the STWR on the lower forearms of the mannequin. As the mannequin had wooden arms, which are hard, unlike
the soft arms of humans, the FTB could not be properly fixed. Therefore, an artificial skin was fabricated with
silicone (Ecoflex 00-30, Smooth-On, Inc, USA) and attached to the mannequin to imitate human skin (Fig. 4(a)).
The step-response performance was evaluated where the position was controlled according to a target displace-
ment using method similar to that presented in Fig. 2(b) using the wire encoders of the SFMs attached inside the
STWR.

As shown in Fig. 5(a), when lifting the 2 kg barbell, a fast response of moving to the target position in less than
1s is observed in all the steps excluding the 0-10 mm step, which was the initial heating step. Furthermore, when
the weight of barbell was increased to 4kg, the response speed of the SFM was noticeably slower compared to that
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Figure 3. Fabricated STWR: (a) Interior of the STWR. On the back part, the shoulder strap is sewn and fixed.
(b) The STWR is turned inside out to show the configuration inside the STWR. By attaching additional straps
to the fixed shoulder strap, the SFM is fixed. An FTB on the lower sleeve is connected to the SEM via wires. (c)
A human wearing the STWR. The dial of the BOA located on the forearm is turned to fasten or release the FTB
on lower sleeve. Even with the FTB fixed, the arm-bending motion is comfortable and activities can be freely
performed.
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Figure 4. (a) Artificial skin made with silicone attached to the wooden arms of the mannequin to imitate
human skin. (b) Experimental setup for evaluating position control performance of STWR. The mannequin
wearing the STWR is holding up a barbell with both arms.

for the 2 kg barbell; it moved to the target position in approximately 3 s in all the steps other than the 0-10 mm
step. The larger the weight, the slower is the moving speed; however, we confirmed that for the SEFM-applied
STWR, position control could be performed in 10 mm intervals under loads, and using the generated assistive
force, the arms of the mannequin could lift the 4 kg barbell (Fig. 6).

Figure 5(b) shows the step-response results in lifting the 2 kg and 4 kg barbells when moving from the initial
position of 0 mm to target positions 30, 40, and 50 mm. Less time was consumed to reach the target positions
when lifting the 2kg compared to that when lifting the 4kg one. Here, the SFM operated at a temperature of 45°C
or less when moving to target positions of 30 and 40 mm. However, when moving to a target position 50 mm, the
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Figure 5. (a) Step responses measured when the mannequin wearing the STWR held barbells of weights 2 kg
and 4kg with its arms. (b) Responses when the target position was changed from the initial position of 0 mm to
target positions 30, 40, and 50 mm, and then maintained.

Figure 6. Contraction of the SEM inside the STWR causing the arms of the mannequin to lift the 4kg barbell
and move to a target position: (a) Initial arm position. (b) Arm position during 20-mm contraction of SEM. (c)
Arm position during 40-mm contraction of SFM.

temperature of the SEM rose to the maximum value of 70 °C. To reach a higher target position, 50 mm, the tem-
perature of the SFM increased momentarily because of a high input current applied momentarily. After the SFM
reached the target positions, the temperature was saturated at 37, 45, and 60 °C at 30, 40, and 50 mm, respectively.

When lifting the 2 kg barbell, the assistive force was generated at a level corresponding to the speed at which
human arms lift an object; however, the speed was slower for the 4kg barbell. Therefore, to produce assistive
force at a faster rate for a heavy load, an SFM with a higher force capacity should be used. If the Joule heating
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rate is accelerated by increasing the input power to the SFM, the contraction speed of the SFM can be increased.
However, because the natural cooling rate of a heated SMA spring is slow, the relaxation time required for the
SEM is approximately 30s. Therefore, the fabricated prototype STWR is difficult to apply in the tasks requiring
bending and straightening of the arms. Nevertheless, it will be helpful for delivery workers who have to lift and
hold heavy objects, as shown in Fig. 1(c).

Discussion and Conclusion

This study developed a process of fabricating an STWR using SFMs and wire encoders. The position control
performance the STWR under different load conditions was evaluated. Based on these evaluation results, the
feasibility of the STWR was investigated; the STWR helps the arms of wearers to move to a desired position and
exerts an assistive force. The STWR has a simple structure in which the SFM, wire encoder, and BOA are attached
inside regular clothes, and it is easy to wear. Furthermore, because the internal actuators and fixed parts are all
composed of fabric materials, the STWR is soft and flexible. Particularly, the STWR can be produced in various
shapes. For example, using only the shoulder strap of Fig. 1(a), it can be fabricated in the form of a vest, which can
be worn directly over outerwear by a worker, elderly person, or physically challenged person. Furthermore, by
modifying the STWR such that it can assist other human body parts such as the shoulders, neck, legs, and waist,
the muscular strength of wearers can be assisted in diverse work environments. Because the SMA springs have
to retain their heated state to maintain the contracted state of the SFM, the electric current has to be supplied
continuously, and this reduces the running time of the battery. To reduce power consumption, a mechanism
should be developed to maintain the contraction length of the SFM using a mechanical structure. If electric
power is supplied only during the contraction of the SFM and if the contraction is maintained using a mechanical
locking mechanism after contraction, the running time of the battery can be improved by reducing the power
consumption of the battery. To this end, it is necessary to conduct future studies on locking/unlocking mecha-
nisms that can mechanically select the contracted/relaxed state of the SEM. The prototype STWR proposed in this
paper uses a method in which a wearer turns the BOA manually to fix it on the body. However, in future, more
advanced STWRs could be developed if the turning of the BOA can be automated and the STWR can recognize
the intention of wearers and determine automatically whether assistive force should be provided. Also, to improve
the cyclic response of STWR motion, it is necessary to fabricate SMA springs inside SEM with smaller diameter
wire or to study additional active cooling method. In future, a study will be carried out to develop an STWR that
will facilitate force and position controls according to the intention on various body parts by including a motion
recognition function in the STWR.

Methods

Position control of SFM.  The SFM was fabricated using methods described by Park et al.*!. The K-type ther-
mocouple (TT-K-30-SLE, Omega Engineering Inc., Republic of Korea) was attached to one of the shape-mem-
ory-alloy springs to monitor the temperature of the SFM by using Kapton tape (S-7595, Uline, WI, USA). The
position controller was implemented using MATLAB/SIMULINK xPC Target, and the analog voltage output of
the wire encoder was measured by an NI DAQ board (PCI-6221, National Instruments Corp., TX, USA). The
position controller outputs current commands to the current driver (JSP-180-30, Copley Controls, MA, USA) to
control the temperature and contraction length of the SEM.

Statement of consent. The two persons in ‘Supplementary video S2.mp4’ are the authors ‘Seong Jun Park’
and ‘Cheol Hoon Park], and the person in ‘Fig. 3¢’ is the author ‘Cheol Hoon Park’ We consent for publication of
identifying information/images in an online open-access publication.
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References
1. Gopura, R. A. R. C,, Bandara, D. S. V,, Kiguchi, K. & Mann, G. K. Developments in hardware systems of active upper-limb
exoskeleton robots: A review. Robot. Auton. Syst. 75, 203-220 (2016).
2. Aliman, N., Ramli, R. & Haris, S. M. Design and development of lower limb exoskeletons: A survey. Robot. Auton. Syst. 95, 102-116
(2017).
3. Rupal, B. S. et al. Lower-limb exoskeletons: Research trends and regulatory guidelines in medical and non-medical applications. Int.
J. Adv. Robot. Syst. 14, 1729881417743554 (2017).
4. Maciejasz, P., Eschweiler, J., Gerlach-Hahn, K., Jansen-Troy, A. & Leonhardt, S. A survey on robotic devices for upper limb
rehabilitation. J. Neuroeng. Rehabil. 11, 3 (2014).
5. Fontana, M., Vertechy, R., Marcheschi, S., Salsedo, F. & Bergamasco, M. The body extender: A full-body exoskeleton for the
transport and handling of heavy loads. IEEE Robot. Autom. Mag. 21, 34-44 (2014).
6. Crea, S. et al. Feasibility and safety of shared EEG/EOG and vision-guided autonomous whole-arm exoskeleton control to perform
activities of daily living. Sci. Rep. 8, 10823 (2018).
7. Muscle suit driven by McKibben-type artificial muscles, https://innophys.jp/product/standard.
8. Walsh, C. Human-in-the-loop development of soft wearable robots. Nat. Rev. Mater. 3,78 (2018).
9. Lerner, Z. F, Damiano, D. L. & Bulea, T. C. A lower-extremity exoskeleton improves knee extension in children with crouch gait
from cerebral palsy. Sci. Transl. Med. 9, eaam9145 (2017).
10. Awad, L. N. et al. A soft robotic exosuit improves walking in patients after stroke. Sci. Transl. Med. 9, eaai9084 (2017).
11. Quinlivan, B. T. et al. Assistance magnitude versus metabolic cost reductions for a tethered multiarticular soft exosuit. Sci. Robot. 2,
4416 (2017).
12. Li, N. et al. Bio-inspired wearable soft upper-limb exoskeleton robot for stroke survivors. IEEE International Conference on Robotics
and Biomimetics, Macau, China, https://doi.org/10.1109/ROBIO.2017.8324826 (2017, Dec. 05-08) (2017).
13. Dinh, B. K., Cappello, L., Xiloyannis, M. & Masia, L. Position control using adaptive backlash compensation for bowden cable
transmission in soft wearable exoskeleton. IEEE/RS] International Conference on Intelligent Robots and Systems, Daejeon, Korea,
https://doi.org/10.1109/TROS.2016.7759834 (2016, Oct. 09-14) (2016).

SCIENTIFIC REPORTS | (2019) 9:9157 | https://doi.org/10.1038/s41598-019-45722-x 7


https://doi.org/10.1038/s41598-019-45722-x
https://innophys.jp/product/standard
https://doi.org/10.1109/ROBIO.2017.8324826
https://doi.org/10.1109/IROS.2016.7759834

www.nature.com/scientificreports/

14. Wehner, M. et al. A lightweight soft exosuit for gait assistance. IEEE International Conference on Robotics and Automation, Karlsruhe,
Germany, https://doi.org/10.1109/ICRA.2013.6631046 (2013, May 06-10) (2013).

15. Park, Y, Santos, J., Galloway, K. G., Goldfield, E. C. & Wood, R. J. A soft wearable robotic device for active knee motions using flat
pneumatic artificial muscles. IEEE International Conference on Robotics and Automation, Hong Kong, China, https://doi.
org/10.1109/ICRA.2014.6907562 (2014, May 31-June 07) (2014).

16. Polygerinos, P. et al. Towards a soft pneumatic glove for hand rehabilitation. IEEE International Conference on Intelligent Robots and
Systems, Tokyo, Japan, https://doi.org/10.1109/TROS.2013.6696549 (2013, Nov. 3-7) (2013).

17. Gao, X. et al. A new soft pneumatic elbow pad for joint assistance with application to smart campus. IEEE Access. 6, 38967-38976
(2018).

18. Robertson, M. A. & Paik, J. New soft robots really suck: Vacuum-powered systems empower diverse capabilities. Sci. Robot. 2, 6357
(2017).

19. Agarwal, G., Robertson, M. A., Sonar, H. & Paik, J. Design and computational modeling of a modular, compliant robotic assembly
for human lumbar unit and spinal cord assistance. Sci. Rep. 7, 14391 (2017).

20. Agarwal, G., Besuchet, N., Audergon, B. & Paik, J. Stretchable materials for robust soft actuators towards assistive wearable devices.
Sci. Rep. 6, 34224 (2016).

21. Funabora, Y. Prototype of a fabric actuator with multiple thin artificial muscles for wearable assistive devices. IEEE/SICE
International Symposium on System Integration, Taipei, Taiwan, 10.1109.S11.2017.8279238 (2017, Dec. 11-14) (2017).

22. Payne. C.]. et al. Force control of textile-based soft wearable robots for mechanotherapy. IEEE International Conference on Robotics
and Automation, Brisbane, QLD, Australia, https://doi.org/10.1109/ICRA.2018.8461059 (2018, May 21-25) (2018).

23. Fujimoto, S., Akagi, T. & Yamamoto, A. Development of active orthosis for lumbago relief-improvement of pneumatic textile
actuator for orthosis, International Conference on Mechanical, Manufacturing, Modeling and Mechatronics, Kuala Lumpur, Malaysia,
https://doi.org/10.1051/matecconf/20165102010 (2016, Feb. 27-29) (2016).

24. Yap, H. K,, Sebastian, F, Wiedeman, C. & Yeow, C. H. Design and characterization of low-cost fabric-based flat pneumatic actuators
for soft assistive glove application. International Conference on Rehabilitation Robotics, London, UK, https://doi.org/10.1109/
ICORR.2017.8009454 (2017, July 17-20) (2017).

25. Yap, H. K. et al. A fully fabric-based bidirectional soft robotic glove for assistance and rehabilitation of hand impaired patients. IEEE
Robotics and Automation Letters. 2, 1383-1390 (2017).

26. Maziz, A. et al. Knitting and weaving artificial muscles. Sci. Adv. 3, 1600327 (2017).

27. Guo, J., Xiang, C., Helps, T., Taghavi, M. & Rossiter, J. Electroactive textile actuators for wearable and soft robots. IEEE International
Conference on Soft Robotics, Livorno, Italy, https://doi.org/10.1109/ROBOSOFT.2018.8404942 (2018, April 24-28) (2018).

28. Han, M. W. & Ahn, S. H. Blooming knit flowers: Loop-linked soft morphing structures for soft robotics. Adv. Mater. 29, 1606580
(2017).

29. Yuen, M., Cherian, A., Case, J. C., Seipel, J. & Kramer, R. K. Conformable actuation and sensing with robotic fabric. International
Conference on Intelligent Robots and Systems, Chicago, USA, https://doi.org/10.1109/TROS.2014.6942618 (2014, Sept. 14-18) (2014).

30. Ramachandran, V., Shintake, J. & Floreano, D. All-fabric wearable electro adhesive clutch. Adv. Mater. Technol. 4, 1800313 (2019).

31. Park, S.J., Kim, U. & Park, C. H. A novel fabric muscle based on SMA springs. Soft Robot. (status in under revision).

32. Nitinol wire including Shape Memory Alloy (SMA) and superelastic nitinol, https://nexmetal.com/collections/nitinol-wire.

33. Park, C. H. & Son, Y. S. SMA spring-based artificial muscle actuated by hot and cool water using faucet-like valve. Active and Passive
Smart Structures and Integrated Systems, Potland, Oregon, United States, https://doi.org/10.1117/12/2257467 (2017, Mar. 25-29)
(2017).

34. Holschuh, B., Obropta, E. & Newman, D. Low spring index NiTi coil actuators for use in active compression garments. IEEE-ASME.
Trans. Mech. 20, 1264-1277 (2015).

35. Small magnetic encoder (ezEncoder), https://blog.naver.com/i2asys/220930029883.

36. Boa Fit System, https://www.boafit.com/products.

Acknowledgements
This research was supported by a research project NK215E, one of the creativity projects of the Korea Institute of
Machinery and Materials (KIMM).

Author Contributions
Seong Jun Park fabricated the prototypes, performed the experiments, and wrote the manuscript. Cheol Hoon
Park suggested the concept of STWRs, coordinated the research work, and participated in writing the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45722-x.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:9157 | https://doi.org/10.1038/s41598-019-45722-x 8


https://doi.org/10.1038/s41598-019-45722-x
https://doi.org/10.1109/ICRA.2013.6631046
https://doi.org/10.1109/ICRA.2014.6907562
https://doi.org/10.1109/ICRA.2014.6907562
https://doi.org/10.1109/IROS.2013.6696549
https://doi.org/10.1109/ICRA.2018.8461059
https://doi.org/10.1051/matecconf/20165102010
https://doi.org/10.1109/ICORR.2017.8009454
https://doi.org/10.1109/ICORR.2017.8009454
https://doi.org/10.1109/ROBOSOFT.2018.8404942
https://doi.org/10.1109/IROS.2014.6942618
https://nexmetal.com/collections/nitinol-wire
https://doi.org/10.1117/12/2257467
https://blog.naver.com/i2asys/220930029883
https://www.boafit.com/products
https://doi.org/10.1038/s41598-019-45722-x
http://creativecommons.org/licenses/by/4.0/

	Suit-type Wearable Robot Powered by Shape-memory-alloy-based Fabric Muscle

	Position control of SFM with a wire encoder. 
	Fabrication and evaluation of the STWR based on SFM. 
	Discussion and Conclusion

	Methods

	Position control of SFM. 
	Statement of consent. 

	Acknowledgements

	Figure 1 Overview of the SFM-applied STWR: (a) Schematic of the STWR.
	Figure 2 (a) Experimental setup for evaluating position control performance of SFM: (a1) Initial state of wire encoder.
	Figure 3 Fabricated STWR: (a) Interior of the STWR.
	Figure 4 (a) Artificial skin made with silicone attached to the wooden arms of the mannequin to imitate human skin.
	Figure 5 (a) Step responses measured when the mannequin wearing the STWR held barbells of weights 2 kg and 4 kg with its arms.
	Figure 6 Contraction of the SFM inside the STWR causing the arms of the mannequin to lift the 4 kg barbell and move to a target position: (a) Initial arm position.
	Table 1 Comparison of textile/fabric-based actuators.




