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Metabolic cost during walking is positively linked to exercise intensity. For a walking assistive device, one of the major aims should
be the maximization of wearers’ metabolic benefits for different walking situations. Toward this goal, this paper experimentally
evaluates the influence of an authors’ soft robotic suit, which has been developed to assist hip flexion for energy-efficient
walking of elderly persons in daily life activities, on metabolic cost reduction in the long-distance level and inclined walking.
Experiment results show that, for a 79-year-old healthy male subject, the robotic suit significantly reduced metabolic cost in the
condition of the robotic suit worn and powered on compared with the condition of worn but powered off.

1. Introduction

The proportion of the elderly population is steadily increas-
ing, and the number is estimated to reach almost 22% of
the global population in 2050 [1-3]. Many elderly persons
suffer walking difficulties because of lower limb skeletal
muscle decline caused by aging. As a result, they perform
shorter and fewer walking activity, which is positively
related to the quality of elderly life, compared with young
ones [4]. Such reduced walking activity may result in many
psychosocial problems, for example, social isolation, unhap-
piness, or depression. On the other hand, reduced walking
activity, in turn, causes further lower limb skeletal muscle
decline. Finally, they may experience a vicious cycle of
physical activity reduction and skeletal muscle decline.

To prevent the abovementioned vicious cycle, lower
limb exoskeletons have been studied. For example, an
exoskeleton for rehabilitating walking function has been
produced by Cyberdyne Inc. [5, 6]. As another example, a

semiexoskeleton for improving walking ability has been
presented by Honda Motor Co. Ltd. [7-9]. Besides these,
various lower limb exoskeletons are designed, for example,
[10-16]. One major advantage of lower limb exoskeletons
is that they are capable of providing sufficiently large assis-
tive force, which may reach several times larger than that
produced by human joints [17, 18]. In addition, they can
support the full amount or a significant portion of body
weight of wearers through rigid frames [19, 20].

However, some challenging problems must be overcome
in designing and implementing exoskeletons. (1) Uncom-
fortable resistive force may be generated between exoskeleton
and wearer in the case of axial joint misalignment [21], and
thus leading to increased metabolic cost. (2) The motion
range of the lower limbs is constrained by rigid frames of
the exoskeletons, while conducting daily life activities
requires a large motion range [18]. (3) A massive power
supply system is required for producing a large assistive
force. In addition, the mass attaches an additional payload
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F1GURE 1: Overall structure of a soft wearable robotic suit.

to the wearer. (4) The procedures of mounting and removing
an exoskeleton are complicated. Such problems cannot be
ignored in the use of an exoskeleton in daily life activities.

To avoid the drawbacks of exoskeletons, some
researchers have researched soft walking assistive devices
[22-32]. One of the major advantages of soft robotic suits is
that exact matching of device’s joints to those of wearer is
not required. Besides that, owing to the use of soft materials,
they are almost free from kinematic constraints. Addition-
ally, the strength of the provided assistive force is usually
less than that of exoskeletons, and thus, the power supply
system can be built with smaller size and lighter weight.
Moreover, they can realize compatible and safe interactions
with wearers [33].

Specifically, the authors’ group has developed a soft
robotic suit for energy-efficient walking for elderly persons
in daily life activities [29-32], as shown in Figure 1. The
robotic suit provides a small but effective assistive force for
hip flexion via winding belts that contain elastic elements.
Moreover, it is lightweight and it almost does not restrict
the motion range of the lower limbs. It is reported [29] that,
in the case of 6-minute level walking, the use of the robotic
suit in the worn and powered on (PON) condition signifi-
cantly reduced metabolic cost and significantly improved gait
characteristics compared with the condition of worn but
powered off (POFF).

One of our final goals is to develop a soft robotic suit that
reduces metabolic cost as much as possible for elderly per-
sons during walking in daily life, so that they can conduct
more physical activities, for example, shopping, taking a
walk, and visiting friends living far, for preventing health
care. Toward this goal, this paper experimentally evaluates
the influence of the soft robotic suit on metabolic cost of
walking in an environment that demonstrates the potential
use of the robotic suit in real-life situation.

The rest of this paper is organized as follows. Section 2
gives an overview of the authors’ soft robotic suit. Section 3
experimentally evaluates the influence of the soft robotic suit
on metabolic cost in long-distance level and inclined walking.
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FIGURE 2: Assistance motion for the swing phase.

Section 4 discusses the experimental results. Section 5 covers
conclusions and future work.

2. Overview of a Soft Wearable Robotic Suit

The authors’ group has presented a soft wearable robotic suit
for energy-efficient walking for elderly persons in daily life
activities. Figure 1 illustrates the overall structure of the
robotic suit. For each leg, it is composed of one actuator,
one control unit, one knee brace, one stiff upper, and one
elastic lower belt that are attached to the actuator unit and
the knee brace, respectively, one load cell that connects the
two belts, and one gyroscope. Here, it should be mentioned
that the actuator and the control units, which contain most
of the system mass, are mounted to the front and the back
of a waist brace, respectively. This is due to the fact that
mounting a 4kg mass to the waist does not significantly
increase the metabolic cost, while adding a 4 kg mass to the
thigh, shank, or foot expends more metabolic cost compared
with the case of waist [34]. The total weight of the robotic
suit, excluding the power supply system, is 2.7 kg (the power
of the device is externally provided by a DC power source
through a cable).

In the robotic suit, undesirable forces generated by
disturbances or significant control errors can be absorbed
by the elastic elements. Moreover, the robotic suit almost
does not restrict the motion range of the lower limbs,
and thus wearers can perform a risk-avoiding action in
the cases of emergencies. Furthermore, owing to its simple
structures, wearers can easily take the robotic suit on and
off by themselves.

The soft robotic suit provides a small but effective
assistive force for hip flexion in the sagittal plane of walk-
ing. Specifically, as illustrated in Figure 2, during the swing
phase, the actuator unit winds up the stiff and elastic belts,
and the correspondingly produced tension force on the
belt is transmitted to the wearer’s joints for assisting hip
flexion. On the other hand, during the standing phase,
the tension force is maintained in a small but sufficient
value (0.6N) that allows the belts “creeping” along the
thigh without influencing the extension of the hip.

Figure 3 shows the block diagram of the control system
of the soft robotic suit. Hip angular velocity during walking
is measured by the gyroscope. Then, it is converted to hip
angle by applying numerical integration. It is known that
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FIGURE 3: Block diagram of a tension force control scheme.
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FiGUre 4: Typical data of hip angular velocity, hip angle, and
assistive force.

numerical integration of gyroscope velocity signal introduces
in angular drift. Toward this problem, a 0-degree angular
offset compensation is performed. The timings of minimum
hip angle, maximum hip angle and heel contact, and the
average gait period are estimated in an average gait cycle
calculator, and they are used for generating the desired assis-
tive force profile. A proxy-based sliding mode controller
[35], which realizes smooth and safe response [36, 37], is
implemented for tracking the desired one with the sampling
interval T = 0.001 s. Figure 4 shows typical data of measured
hip angular velocity, hip angle, and generated assistive force.

3. Experiment

This section experimentally evaluates the influence of the
robotic suit on metabolic cost in long-distance level and

Day 1 Day 2
Start ——~
10 min { Resting Resting
test test
POFF in PON in
15 min level level
walking walking
POFF in PON in
15 min inclined inclined
walking walking
60 min ‘ Rest Rest
PON in POFF in
15 min level level
walking walking
PON in POFF in
15 min inclined inclined
End walking walking

Main experimental protocol.

FIGURE 5: Main experimental protocol.

inclined walking. The experiment was approved by the
Experiment Ethics Committee of the Faculty of Engineering,
Kyushu University.

3.1. Subject. One healthy male elderly subject (age =79 years,
weight=61.6kg, and height=157cm) participated in the
experiment.

3.2. Protocol. Before the main experiment, a preliminary
exercise was performed for the subject. First, the subject
was instructed to familiarize himself with treadmill walking.
Then, his preferred walking speed (2.2 km/h) was evaluated
by applying the procedure reported in [38]. After that, the
subject practiced the treadmill walking in the PON condition
with the maximum assistive force (MAF) 25.3 N that he felt
comfortable at the preferred walking speed for getting used
to the robotic suit.

The experiment was performed in two days. Figure 5
shows the main experimental protocol. A 30-minute tread-
mill walking trial at the preferred speed with the POFF con-
dition versus the PON condition constituted one set of the
comparative experiment. On each experimental day, one set
of comparison was performed. For each trial, firstly the sub-
ject conducted a level walking for 15 minutes. After that, the
treadmill was inclined to 2% slope by the experimenter, and
the subject performed an inclined walking for the left 15
minutes. Specifically, in the case of the PON condition, the
same assistive force profile, as illustrated in Figure 4, was
applied for both level and inclined walking. A 10-minute
resting test was performed for determining the resting meta-
bolic cost. In addition, a 60-minute rest period was provided
after trial 1 for both recovering metabolic activity and
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FiGure 6: Comparison of metabolic cost between the POFF condition and the PON condition for 5-minute intervals. On each bar chart, the
error bar denotes standard deviation. In addition, the number expressed in percentage represents the difference of the PON condition

compared with the POFF condition.

separating of the two trials. To exclude the influence of
metabolic and biomechanical variations and measurement
errors, reversed orders of the POFF condition and PON
condition were used on different days. Here, it should be
mentioned that, because the purpose of the experimental
protocol was to validate the effectiveness of walking assis-
tance strategy, that is, assistance for hip flexion via winding
belts, during long-distance level and inclined walking, and
since the actuator unit was not optimized for weight, only
the comparison between the POFF condition and the
PON condition was considered, excluding the condition
of the robotic suit not worn.

Expired gas was collected continuously by a gas
analyzer (AT-1100, Anima, Co., Japan) for the entire
30-minute walking.

3.3. Data Analysis. For each day, average values of resting

metabolic cost Voz(mt) (ml/min) during the last 5-minute

interval of resting test were calculated for determining the
resting metabolic level. In addition, for all trials, average
values of gross walking metabolic cost V) (gro5) (ml/min)
in both 15-minute level walking and 15-minute inclined
walking were computed. Moreover, average values of
VOZ(gross) over the entire 30-minute interval were calculated.
Besides that, for each trial, in order to examine the transition

of metabolic cost, average values of V02< per 5-minute

gross)
interval were computed. Then, average values of net meta-
bolic cost Vo (nery (ml/min) were obtained by subtracting

corresponding V() from the abovementioned each

VOZ(gross)' After that, VOZ(net) was normalized by body weight

(kg). The averages of all the trials in each measure were used
for the analysis.

3.4. Statistical Analysis. Paired t-tests were performed to
identify the significant differences between the POFF
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FiGure 7: Comparisons of two-day average value of metabolic cost between the POFF condition and the PON condition for 15-minute level
walking and 15-minute inclined walking. On each bar chart, the error bar denotes standard deviation. In addition, the number expressed in
percentage represents the difference of the PON condition compared with the POFF condition.

condition and the PON condition in averaged Voz( ) of 15-

minute level walking, 15-minute inclined walking, and entire
30-minute walking. In addition, standard deviations were
computed for each averaged Vo e)-

net

4. Results

Figure 6 shows the metabolic costs achieved in the POFF
condition and the PON condition for each 5-minute inter-
vals. Metabolic cost was reduced in the PON condition in
eleven of twelve intervals compared with the POFF condi-
tion, with a maximum reduction of 16.1%.

Figure 7 compares the two-day average value of meta-
bolic cost between the two conditions in terms of level walk-
ing and inclined walking. One can observe that, for both
cases, statistically significant differences were found between
the two conditions, with averaged 9.1% and 6.5% reductions
in the PON condition.

Two-day average value of metabolic cost of entire 30-
minute walking was compared in Figure 8. It is shown that
the use of the robotic suit significantly reduced metabolic cost
by an average of 7.7%.

5. Discussion

One of the final aims of the robotic suit is to reduce
metabolic cost as much as possible for elderly persons in
daily life activities. As illustrated by the results, metabolic
cost of level walking was reduced in the PON condition
compared with the POFF condition for almost every 5-
minute intervals, with a maximum reduction of 16.1%
and an average reduction of 9.1%. This result is consistent
with our previous result [29] showing that the use of the
robotic suit reduced metabolic cost with an average of
5.9% during 6-minute level walking. However, it is known
that metabolic stress of walking increases as walking dura-
tion increases [39-42]. Thus, it should be highlighted that,
compared with the previous result of 6-minute walking that
might be too short for imposing significant metabolic stress

P <0.001

[
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Net metabolic cost (ml/min/kg)

(=]

POFF
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FiGure 8: Comparison of two-day average value of metabolic cost
between the POFF condition and the PON condition for entire
30-minute walking. On each bar chart, the error bar denotes
standard deviation. In addition, the number expressed in percentage
represents the difference of the PON condition compared with
the POFF condition.

on the subject, the reduction of metabolic cost during the
15-minute walking was achieved under the condition of
longer continuous accumulation of metabolic stress. The
major underlying cause of this reduction was probably
owing to the continuous energy injection of the robotic suit
for assisting the hip flexion, that is, metabolic cost reduc-
tion obtained by mechanical energy injection.

In the case of inclined walking, metabolic cost was
higher than the case of level walking for both conditions.
This is primarily due to the fact that, in the case of inclined
walking, the human body has to be raised against gravity by
increasing hip flexion as gradient increases [43-45]. Thus,
additional mechanical power might be consumed in the
hip joint for increasing the gravitational potential energy of
the body’s center of mass (COM) compared with the level
walking [43, 46, 47]. Besides that, the metabolic stress
accumulated through the previous 15-minute level walking
was also probably linked to the increased metabolic cost
of the inclined walking. However, by comparing the results
of the two conditions, one can found that metabolic cost of



the PON condition was lower than that of the POFF condi-
tion, with a maximum reduction of 13.7% and an average
reduction of 6.5%. Toward such a reduction, we assume that
the provided hip flexion assistance contributed to the hip
flexion strength by compensating the metabolic burden of
the hip joint during the inclined walking and consequently
led to the reduced metabolic cost of the PON condition.

Interestingly, it should be observed that the metabolic
reduction rate of inclined walking was less than that of level
walking. From this result, we suppose that, under the same
injected power, that is, the same assistive force profile
parameters, the injected power during inclined walking was
not sufficient for compensating the increased mechanical
power required to accelerate COM upward, achieving a sim-
ilar metabolic reduction as the case of level walking. This
finding suggests that, in order to maximize the effectiveness
of the robotic suit, optimized assistive force profile parame-
ters, for example, shape, MAF, and timings of start, MAF,
and end, should be explored by getting a better understand-
ing of complex human-machine interaction.

As a whole, since metabolic cost is positively related to
exercise intensity [48], we argue that the subject probably
walked more easily and comfortably in the PON condition
with the less metabolic cost during the 30-minute level and
inclined walking. Thus, it can be concluded that the robotic
suit is effective not only in short-distance level walking as
reported in the previous work [29], but also in long-
distance level and inclined walking.

6. Conclusions and Future Work

This paper has experimentally evaluated the influence of the
authors’ soft robotic suit on metabolic cost in 30-minute level
and inclined walking. Experimental results show that meta-
bolic cost reduced with a maximum reduction of 16.1% in
the PON condition compared with the POFF condition for
eleven of twelve 5-minute intervals. In addition, significant
metabolic cost reductions of 9.1% and 6.5% were found in
the PON condition for level walking and inclined walking,
respectively. Moreover, for the entire 30-minute walking,
the robotic suit significantly reduced metabolic cost by an
average of 7.7%.

One limitation of this study is that, by considering the
2.7kg mass of the robotic suit additionally imposed to the
wearer, the effectiveness of the robotic suit was only com-
pared between the POFF condition and the PON condition.
Future study includes optimizations of mechanical structure
(including weight reduction), assistive force profile parame-
ters (including shape, MAF, and timings of start, MAF, and
end), and design of adaptive control scheme for specific pop-
ulations and walking environments with the aim of achieving
greater metabolic cost reduction and compliant human-
machine interaction.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Applied Bionics and Biomechanics

Acknowledgments

This work was supported by the following grants: Grant-in-
Aid for the Adaptable & Seamless Technology Transfer
program through Target driven R&D (Grant no.
AS2415010K) from Japan Science and Technology Agency
(JST), Science & Technology Development Foundation of
Jilin Province (Grant no. 20180520019JH), Science &
Technology Research Foundation of the Education Depart-
ment of Jilin Province (Grant no. JJKH20180883K]), and
Shenzhen Peacock Technical Innovation Funding (Grant
no. KQJSCX20170726103546683).

References

[1] M. Khazaee-pool, R. Sadeghi, F. Majlessi, and A. Rahimi
Foroushani, “Effects of physical exercise programme on hap-
piness among older people,” Journal of Psychiatric and Mental
Health Nursing, vol. 22, no. 1, pp. 47-57, 2015.

[2] United Nations Population Fund, “Aging,” 2015, http://www.
unfpa.org/ageing.

[3] M.Herrmann, J. M. Guzman, S. Juran, and D. Schensul, “Pop-
ulation dynamics in the least developed countries: challenges
and opportunities for development and poverty reduction,”
2011, http://www.unfpa.org/publications/populationdynamics-
ldcs.

[4] Transportation Research Board National Research Council
(US), Transportation in an Aging Society: Improving Mobility
and Safety for Older Persons, The National Academies Press,
Washington, DC, USA, 1988.

[5] H. Kawamoto, T. Hayashi, T. Sakurai, K. Eguchi, and
Y. Sankai, “Development of single leg version of HAL for
hemiplegia,” in Proceedings of the 31st Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society, pp. 5038-5043, Minneapolis, MN, USA, September
2009.

[6] A. Tsukahara, Y. Hasegawa, and Y. Sankai, “Gait support
for complete spinal cord injury patient by synchronized
leg-swing with HAL,” in Proceedings of 2011 IEEE/RS]
International Conference on Intelligent Robots and Systems,
pp- 1737-1742, San Francisco, CA, USA, September 2011.

[7] K. Yasuhara, K. Shimada, T. Koyama, T. Ido, K. Kikuchi, and
Y. Endo, “Walking assist device with stride management
assist,” Honda Re&D Technical Review, vol. 21, no. 2, pp. 54—
62, 2009.

[8] H. Shimada, T. Hirata, Y. Kimura et al., “Effects of a robotic
walking exercise on walking performance in community-
dwelling elderly adults,” Geriatrics and Gerontology Interna-
tional, vol. 9, no. 4, pp. 372-381, 2009.

[9] H. Shimada, T. Suzuki, Y. Kimura et al., “Effects of an auto-
mated stride assistance system on walking parameters and
muscular glucose metabolism in elderly adults,” British Journal
of Sports Medicine, vol. 42, no. 11, pp. 622-629, 2008.

[10] A. K. Raj, P. D. Neuhaus, A. M. Moucheboeuf, J. H. Noorden,
and D. V. Lecoutre, “Mina: a sensorimotor robotic orthosis for
mobility assistance,” Journal of Robotics, vol. 2011, Article ID
284352, 8 pages, 2011.

[11] T.J. Yeh, M. J. Wu, T. J. Lu, F. K. Wu, and C. R. Huang,
“Control of McKibben pneumatic muscles for a power-
assist, lower-limb orthosis,” Mechatronics, vol. 20, no. 6,
pp. 686-697, 2010.


http://www.unfpa.org/ageing
http://www.unfpa.org/ageing
http://www.unfpa.org/publications/populationdynamics-ldcs
http://www.unfpa.org/publications/populationdynamics-ldcs

Applied Bionics and Biomechanics

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

T. Ikehara, E. Tanaka, K. Nagamura et al., “Development of
closed-fitting-type walking assistance device for legs with
self-contained control system,” Journal of Robotics and Mecha-
tronics, vol. 22, no. 3, pp- 380-390, 2010.

Q. Wu, X. Wang, F. Du, and X. Zhang, “Design and control of
a powered hip exoskeleton for walking assistance,” Interna-
tional Journal of Advanced Robotic Systems, vol. 12, no. 3,
p- 18, 2015.

K. Kong and D. Jeon, “Design and control of an exoskeleton
for the elderly and patients,” IEEE/ASME Transactions on
Mechatronics, vol. 11, no. 4, pp. 428-432, 2006.

S. Hyon, J. Morimoto, T. Matsubara, T. Noda, and M. Kawato,
“XoR: hybrid drive exoskeleton robot that can balance,” in
Proceedings of 2011 IEEE/RS] International Conference on
Intelligent Robots and Systems, pp. 3975-3981, San Francisco,
CA, USA, September 2011.

T. Nakamura, K. Saito, Z. Wang, and K. Kosuge, “Realiz-
ing model-based wearable antigravity muscles support
with dynamics terms,” in Proceedings of 2005 IEEE/RS]
International Conference on Intelligent Robots and Systems,
pp. 2694-2699, Edmonton, AB, Canada, August 2005.

A.T. Asbeck, S. M. M. de Rossi, I. Galiana, Y. Ding, and C. J.
Walsh, “Stronger, smarter, softer: next-generation wearable
robots,” IEEE Robotics & Automation Magazine, vol. 21,
no. 4, pp. 22-33, 2014.

M. Cenciarini and A. Dollar, “Biomechanical considerations in
the design of lower limb exoskeletons,” in Proceedings of IEEE
International Conference on Rehabilitation Robotics, pp. 1-6,
Zurich, Switzerland, 2011.

R. Bogue, “Exoskeletons and robotic prosthetics: a review of
recent developments,” Industrial Robot: An International
Journal, vol. 36, no. 5, pp. 421-427, 2009.

K. Low, “Robot-assisted gait rehabilitation: from exoskeletons
to gait systems,” in Proceedings of 2011 Defense Science
Research Conference and Expo, pp. 1-10, Singapore, Singapore,
August 2011.

A. Schiele, “Ergonomics of exoskeletons: subjective perfor-
mance metrics,” in Proceedings of 2009 IEEE/RS] International
Conference on Intelligent Robots and Systems, pp. 480-485, St.
Louis, MO, USA, October 2009.

Y. Park, B. Chen, D. Young et al., “Bio-inspired active soft
orthotic device for ankle foot pathologies,” in Proceedings
of 2011 IEEE/RS] International Conference on Intelligent
Robots and Systems, pp. 4488-4495, San Francisco, CA,
USA, September 2011.

Y. L. Park, B. R. Chen, N. O. Pérez-Arancibia et al., “Design
and control of a bio-inspired soft wearable robotic device
for ankle-foot rehabilitation,” Bioinspiration ¢ Biomimetics,
vol. 9, no. 1, article 016007, 2014.

L. Stirling, C. H. Yu, J. Miller et al., “Applicability of shape
memory alloy wire for an active, soft orthotic,” Journal of
Materials Engineering and Performance, vol. 20, no. 4-5,
pp. 658-662, 2011.

A.T. Asbeck, S. M. M. de Rossi, K. G. Holt, and C. J. Walsh, “A
biologically inspired soft exosuit for walking assistance,” The
International Journal of Robotics Research, vol. 34, no. 6,
pp. 744-762, 2015.

A. Asbeck, K. Schmidt, I. Galiana, D. Wagner, and C. Walsh,
“Multi-joint soft exosuit for gait assistance,” in Proceedings of
2015 IEEE International Conference on Robotics and Automa-
tion, pp. 6197-6204, Seattle, WA, USA, May 2015.

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

Y. Ding, I. Galiana, A. T. Asbeck et al., “Biomechanical and
physiological evaluation of multi-joint assistance with soft
exosuits,” IEEE Transactions on Neural Systems and Rehabili-
tation Engineering, vol. 25, no. 2, pp. 119-130, 2017.

Y. Li and M. Hashimoto, “PVC gel soft actuator-based wear-
able assist wear for hip joint support during walking,” Smart
Materials and Structures, vol. 26, no. 12, article 125003, 2017.

S. Jin, N. Iwamoto, K. Hashimoto, and M. Yamamoto,
“Experimental evaluation of energy efficiency for a soft wear-
able robotic suit,” IEEE Transactions on Neural Systems and
Rehabilitation Engineering, vol. 25, no. 8, pp. 1192-1201,
2017.

S. Jin, S. Guo, K. Hashimoto, and M. Yamamoto, “Effects of a
soft wearable robotic suit on metabolic cost and gait character-
istics in healthy young subjects,” in Proceedings of the 17th
International Conference on Control, Automation and Systems,
pp- 680-684, Jeju, South Korea, October 2017.

S.Jin, S. Guo, K. Hashimoto, and M. Yamamoto, “Evaluation
of long-term effect on gait improvement for a soft robotic
suit,” in Proceedings of 2017 IEEE International Conference
on Robotics and Biomimetics, pp. 1654-1658, Macau, China,
December 2017.

S.Jin, S. Guo, K. Hashimoto, and M. Yamamoto, “Influence of
maximum assistive force of a soft wearable robotic suit on
metabolic cost reduction,” in Proceedings of the 8th IEEE
International Conference on Cybernetics and Intelligent Sys-
tems and the 8th IEEE International Conference on Robotics,
Automation and Mechatronics, pp. 146-150, Ningbo, China,
November 2017.

C. Majidi, “Soft robotics: a perspective-current trends and
prospects for the future,” Soft Robotics, vol. 1, no. 1, pp. 5-
11, 2014.

R. C. Browning, J. R. Modica, R. Kram, and A. Goswami, “The
effects of adding mass to the legs on the energetics and biome-
chanics of walking,” Medicine ¢ Science in Sports & Exercise,
vol. 39, no. 3, pp. 515-525, 2007.

R. Kikuuwe, S. Yasukouchi, H. Fujimoto, and M. Yamamoto,
“Proxy-based sliding mode control: a safer extension of PID
position control,” IEEE Transactions on Robotics, vol. 26,
no. 4, pp. 670-683, 2010.

K. Knaepen, P. Beyl, S. Duerinck, F. Hagman, D. Lefeber, and
R. Meeusen, “Human-robot interaction: kinematics and mus-
cle activity inside a powered compliant knee exoskeleton,”
IEEE Transactions on Neural Systems and Rehabilitation
Engineering, vol. 22, no. 6, pp. 1128-1137, 2014.

G. Chen, Z. Zhou, B. Vanderborght, N. Wang, and
Q. Wang, “Proxy-based sliding mode control of a robotic
ankle-foot system for post-stroke rehabilitation,” Advanced
Robotics, vol. 30, no. 15, article 9921003, pp. 992-1003,
2016.

K. G. Holt, . Hamill, and R. O. Andres, “Predicting the mini-
mal energy costs of human walking,” Medicine & Science in
Sports & Exercise, vol. 23, no. 4, article 491498, 1991.

N. Felsing, J. Brasel, and D. Cooper, “Effect of low and high
intensity exercise on circulating growth hormone in men,”
The Journal of Clinical Endocrinology & Metabolism, vol. 75,
no. 1, pp. 157-162, 1992.

F. Grego, J. M. Vallier, M. Collardeau et al., “Effects of long
duration exercise on cognitive function, blood glucose, and

counterregulatory hormones in male cyclists,” Neuroscience
Letters, vol. 364, no. 2, pp. 76-80, 2004.



(41]

(42]

(43]

(44]

[45]

(46]

[47]

(48]

J. Brisswalter, B. Fougeron, and P. Legros, “Effect of three
hours race walk on energy cost, cardiorespiratory parameters
and stride duration in elite race walkers,” International Journal
of Sports Medicine, vol. 17, no. 03, pp. 182-186, 1996.

A. M. Swartz, L. Squires, and S. J. Strath, “Energy expenditure
of interruptions to sedentary behavior,” International Journal
of Behavioral Nutrition and Physical Activity, vol. 8, no. 1,
p. 69, 2011.

G. S. Sawicki and D. P. Ferris, “Mechanics and energetics of
incline walking with robotic ankle exoskeletons,” Journal of
Experimental Biology, vol. 212, no. 1, pp. 32-41, 2008.

A. Leroux, J. Fung, and H. Barbeau, “Adaptation of the walking
pattern to uphill walking in normal and spinal-cord injured
subjects,” Experimental Brain Research, vol. 126, no. 3,
pp. 359-368, 1999.

S. D. Prentice, E. N. Hasler, J. J. Groves, and J. S. Frank,
“Locomotor adaptations for changes in the slope of the walk-
ing surface,” Gait & Posture, vol. 20, no. 3, pp. 255-265, 2004.

R. Margaria, “Positive and negative work performances and
their efficiencies in human locomotion,” Internationale
Zeitschrift fiir angewandte Physiologie einschliefSlich Arbeit-
sphysiologie, vol. 25, no. 4, pp. 339-351, 1968.

A. N. Lay, C. J. Hass, T. Richard Nichols, and R. J. Gregor,
“The effects of sloped surfaces on locomotion: an electromyo-
graphic analysis,” Journal of Biomechanics, vol. 40, no. 6,
pp. 1276-1285, 2007.

T. Roberts, ]. Weber, H. Hoppeler, E. Weibel, and C. Taylor,
“Design of the oxygen and substrate pathways. II. Defining
the upper limits of carbohydrate and fat oxidation,” The
Journal of Experimental Biology, vol. 199, no. 8, pp. 1651
1658, 1996.

Applied Bionics and Biomechanics



	Influence of a Soft Robotic Suit on Metabolic Cost in Long-Distance Level and Inclined Walking
	1. Introduction
	2. Overview of a Soft Wearable Robotic Suit
	3. Experiment
	3.1. Subject
	3.2. Protocol
	3.3. Data Analysis
	3.4. Statistical Analysis

	4. Results
	5. Discussion
	6. Conclusions and Future Work
	Conflicts of Interest
	Acknowledgments

