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Abstract: Wearable robots, or exoskeleton robots, are getting great attention because of the increasing need for seniors,

disabled people, and workers in extreme environments. One of the most important requirements of the exoskeleton robot

is preventing fatigues of these people. Although exoskeleton robots have been developed, there are still limitations on the

user’s comfort and detection of his or her intention of motion. To improve on these aspects, spiral spring and sensor band

are proposed to be used as actuation and sensor components in this paper. The spiral spring’s efficiency for wearable robots

is investigated theoretically and the experiments using the spiral spring and sensor band are conducted. The experimental

results demonstrate the proposed actuation and sensor system could improve the performance of the exoskeleton robots.
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1. INTRODUCTION

Interest in exoskeletons has been increased through

past several years. It is due to the high expectation on its

usage for assisting or increasing human’s ability. These

robots can be useful for hard workers(or soldiers) on ex-

treme environment, seniors, or disabled people. To meet

the expectation, many exoskeletons are developed. Naka-

mura and Kosuge [1] developed a walking helper robot.

Assistive systems for knee joints are presented using elas-

tic exoskeletons [2]. BLEEX is an exoskeleton platform

that uses hydraulic actuators [3]. A power assist system,

called HAL, is developed using electric motors, encoders,

and EMG (Electromyoram) [4]. RoboWear R© is an elastic

exoskeleton robot with spiral springs [5].

For securing availability of exoskeleton, compliance,

motion tracking, and reinforcement(or assistance) of hu-

man muscles are required. To achieve these goals, var-

ious sensors and actuators are developed. MSS (Mus-

cle Stiffness Sensors) and EMG (Electromyogram) have

been used to estimate or measure human motion or ef-

fort. MSS is used in assistance device for the disabled

[6] and a wearable sensor network system is developed

by using MSS, EMG, and acceleration sensors [7]. Com-

pliant actuator systems are also investigated, which can

be suitable for exoskeleton robots. Series Elastic Actua-

tors(SEA) are proposed for elastic motion of robots [8].

The SEA is applied to the impedance control in hazardous

situation [9] and the application of human-robot interac-

tion [10]. Also, Electo-Hydrostatic Actuator (EHA) [11]

and adjustable stiffness actuators (AwAS) [12] are an-

other kinds of compliant actuators. The usage of com-

pliant actuator can provide the user with comfort during

motion and also it can help to estimate the user’s inten-

sion of the motion.

There are still limitations in the exoskeletons that have

been developed [10] [13]. The joints with hydraulic ac-
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Fig. 1 Illustration of Lower-limb exoskeleton of

RoboWear R©

tuators cannot follow fast human motion or stiff joints

hamper the transition between the phases of motion. To

resolve these problems, torsional springs can be one of

alternative choices for exoskeleton robots. Among the

torsional springs, helical torsional springs are most com-

mon in robotic applications but, they typically have high

stiffness. Therefore, a spiral spring, another kind of tor-

sional spring, is proposed in this paper because of its high

compliance, one of the intrinsic properties of the spiral

spring.

While a spiral spring is used for an actuator system,

joint encoder and MSS are used to measure or estimate

the motion and effort of the user. Joint encoders mainly

detect the human motion and it is well achieved because

the joint is compliant using the spiral spring. The MSS

sensor is chosen instead of EMG sensors because of two

practical reasons: cost and convenience. The level of the

user’s fatigue is measured by MSS. The proposed sen-

sor and actuation system is applied to the lower limb of

the exoskeleton robot, which is developed by NT Re-

search, Inc. (Figure 1) Its performance and effective-
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ness are demonstrated by the experiments of squatting

and standing-up with or without wearing the exoskeleton

robot.

2. SYSTEM DESCRIPTION

RoboWear R© is an exoskeleton which is developed by

NT Research, Inc. The upper-limb exoskeleton helps to

uplift heavy objects. The lower-limb exoskeleton can

move, squat, stand-up and conserve pose. Since the pro-

posed approach is applied to the lower-limb only, the

lower-limb exoskeleton is separated and used in the ex-

periment. The lower-limb exoskeleton has 4 degrees of

freedom on each legs. DC-motors are installed for wind-

ing spiral springs which are connected to pelvis and knee

joint. Ankle and hip joint are passive joints. The encoders

are installed at each joint and DC-motor. A sensor band

with MSS (Muscle Stiffness Sensors) is installed in user’s

thigh for measuring muscular activities (Figure 1).

Joint Description

Pelvis Abduction/Adduction Joint : Passive 1©
Flexion/Extension Joint : Active 2©

Flexion/Extension Actuator : DC-Motor 2©

Knee Flexion/Extension Actuator : DC-Motor 3©
Flexion/Extension Joint : Active 4©

Ankle Dorsiflexion/Plantarflexion Joint : Passive 5©

Fig. 2 System Description of RoboWear R©

Figure 2 shows the lower-exoskeleton of RoboWear R©.

Each motor winds and unwinds the spiral spring for gen-

erating torques. Generated torques transmit to pelvis and

knee joints of the exoskeleton. Encoders and MSS mea-

sure the user’s motion and fatigue. When the user has

a squatting motion, both springs are unwinded. During

standing-up motion, springs are winded to help standing-

up motion. If the user does not move but feels fatigue,

motors wind spiral springs to help conserving the pose.

3. SPIRAL SPRING ON WEARABLE
ROBOTS

The main reason of choosing spiral spring is to provide

large compliance at the joints of the exoskeleton robots. It

is of great importance because it is directly related to the

comfort of the user. Also, it would be easier to estimate

or anticipate user’s motion by having large passive com-

pliance. In this section, the mechanism of the joint using

Winding
Direction

Generated
Torque

(a) (b)

Fig. 3 Spiral spring and mechanism (a) a picture of the

spiral spring that is used for the experiments (b) the

winding mechanism of the spiral spring.

the spiral spring is first presented. Then, spiral spring and

helical spring are compared to show why the spiral spring

could be more suitable for the wearable robots.

3.1 Spiral Spring and Mechanism

Figure 3(a) shows a picture of a spiral spring that is

used for the experiments. Its thickness and width are

t = 1mm and b = 20mm. This spring has maximum 4Nm

torque and compliance of 0.1173Nm/rad. The maximum

torque 4Nm is the torque to support the exoskeleton.

Winding mechanism of the spiral spring on the

RoboWear R© is shown in Figure 3(b). Spiral spring can

be winded or unwinded by the timing pulley that is con-

nected to motors. Joint torque is generated the same di-

rection of the winding direction. In Figure 3(b), the upper

figure is for the pelvis joint and the lower figure is for the

knee joint, respectively. Squat motion requires flexion at

both of the joints and stand-up motion requires extension

at both of the joints.

3.2 Comparison between spiral and helical spring

Both spiral and helical springs are torsional springs.

Although the helical spring is mainly used for most of

the robotics applications, the spiral spring is proposed be-

cause of its large compliance and range of motion. In

this sub-section, spiral and helical springs are compared

to show that the spiral spring is more appropriate for the

purpose of exoskeleton robots. Angular spring rate (or

stiffness), maximum torque, and its size are considered.

In order to compare two springs, a helical spring is de-

signed to have the same angular spring rate and maximum

torque as the spiral spring that is used in our experiment

(0.1172Nm/rad and 4Nm, respectively).

Angular spring rates of the helical spring (Kh) and spi-

ral spring (Ks) are computed using the following equa-

tion, Equation (1). The angular spring rate is the ratio of

angular moment (M) and angular displacement (∆θ ):

Kh =
M

∆θ
=

Ed4

64Dn
, Ks =

M

∆θ
=

Ebt3

12L
(1)

where E is the Young’s modulus (N/m2), d is a wire di-

ameter (m), D is the inner diameter of the spring (m), and

n is the number of active coils. The term, b, is the width

of spring strip (m), t is the thickness of a spiral spring (m),

and L is the length of the strip (m).



Fig. 4 Dimensions of helical spring for different ratios

of inside diameter and wire diameter(C = D
d
). Four

marked points are when C = 20, 40, 60, and 155.6.

The dimension of our spiral spring is marked as a

green circle.
Table 1 Dimension of helical spring equivalent to spiral

spring

C d(mm) D(mm) n height (mm)
20 3.3 66 49.6 163

40 3.3 132 24.3 79.3

60 3.3 198 16.1 52.4

155.6 3.2 504.7 6.25 20

The spring rate of our spiral spring (Ks = 0.1172) can

be computed by the following dimension and material

property: b = 20mm, t = 1mm,L = 3m, E = 2.11 ∗ 1011,

and Maximum Stress= 1.2 ∗ 109.

The maximum torque on the springs can be computed

by the formula for stress on the springs and yield strength

of the material.

Sh =
32KiM

πd3
, Ss =

6M

bt2
(2)

where

Ki =
4C2 −C− 1

4C(C− 1)
, C =

D

d
. (3)

Now using the above Equations (1)-(3), helical spring

can be designed, which has the same spring rate and max-

imum torque as these of the spiral spring. The plot in

Figure 4 shows how the diameter of the spring and the

number of active coils are selected when the constant C

is chosen. When the ratio of the diameters, C, are chosen

as reasonable numbers and the diameter of the wire is set

to be 3.3mm, the dimension of the helical spring can be

computed. Its results are shown in Table 1.

The heights of the helical spring in Table 1 are 163mm,

79.3mm, and 52.4mm for C = 20,40, and 60, respec-

tively. These heights are too large to be used for ex-

oskeleton mechanisms. Or if the height decreases, the di-

ameter of the inner part of the spring, D, would increase.

For example, when the height of the helical spring is se-

lected to the same as that of spiral spring that we used

(D = 149.0mm), it makes the diameter of helical spring

increased to D = 504.7mm. Therefore, it would be diffi-

cult to design a helical spring that has similar specifica-

tions as those of spiral springs in terms of the spring rate

and maximum torque.

4. CONTROL WITH MUSCLE
STIFFNESS SENSORS

Exoskeleton mechanism requires to identify the user’s

intention. Encoders can detect the motion of the robot

when the user moves. However, it would be more effec-

tive if the muscle activity is monitored so that the robot

can activate even when the user does not move but his

or her fatigue starts to accumulate. EMG (Electromyo-

gram) is one of the popular sensors that can be used for

this purpose. However, MSS (Muscle Stiffness Sensors)

is proposed in this paper to measure muscle activity be-

cause the implementation of MSS is more convenient for

the user and MSS costs less.

4.1 Sensing User’s Motion or State

Encoders and MSS (Muscle Stiffness Sensors) are

used for sensing the user’s motion or state in our exper-

iments. MSS measures the muscle activities on rectus

femoris, biceps femoris, vastus lateralis, and vastus me-

dialis. Joint encoders on pelvis and knee are to measure

the user’s motion.

Gluteus maximus

Adductor magnus

Biceps femoris

Semitendinosus

Tensor latae

Sartorius

Adductor longus

Gracilis

Rectus femoris

Vastus lateralis

Vastus medialis

Knee

Front Back

Fig. 5 Muscles in thigh and position of MSS (Muscle

Stiffness Sensors)

When a human squats, various thigh muscles are acti-

vated such as rectus femoris, vastus lateralis, and vastus

medialis. These muscles generate torques to maintain po-

sition or lift the body. Specifically, biceps femoris is acti-

vated when a human is enduring heavy loads [14]. There-

fore, the sensor information from the biceps femoris can

be a good indication of the user’s fatigue.

4.2 Control

Values from joint encoders are used to determine the

direction of user’s motion. Extension or flexion is de-

termined by the joint velocities of the pelvis and knee.
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When both of the angular velocities of joints are greater

than a threshold value, θ̇threshold , it is categorized as ex-

tension motion. That is, standing-up motion. Similarly,

When both of the angular velocities of joints are less

than a negative of the threshold value, it is categorized

as flexion motion. That is, squatting motion. Other-

wise, we considered there is no intentional motion of the

user. In our experiments, the threshold, θ̇threshold , is set to

1degree/sec by trial and error.

θ̇pelvis ≤−θ̇threshold , θ̇knee ≥ θ̇threshold ⇒ Extension

θ̇pelvis ≥ θ̇threshold , θ̇knee ≤−θ̇threshold ⇒ Flexion

Otherwise ⇒ No motion

(4)

The value from MSS on biceps femoris is used to de-

termine if the user feels fatigue or not. The threshold

value for this sensor is set to 2.5V in our experiments.

The MSS(Muscle Stiffness Sensors) on other muscles are

used only for monitoring purposes.

Fig. 6 Control flow using encoder and MSS (Muscle

Stiffness Sensors)

Figure 6 shows the proposed control flow. First, using

the joint encoders and MSS on biceps femoris, the actions

of the actuators are categorized into five cases. When the

state of the user is determined to be in extension using

encoders, both of the motors are commanded to wind up

at 7.0 RPM. When it is categorized as flexion, both of

the motors are commanded to unwind at 7.0 RPM. The

constant speed of 7.0 RPM is the maximum speed of the

motors. On the other hands, when there is no motion de-

tected from the encoders, the MSS on biceps femoris is

used to activate the motors. When the fatigue of the user

is detected from the MSS, both of the motors are com-

manded to wind up at 3.0 RPM. If not, it is commanded

to unwind at 3.0 RPM. These values are experimentally

obtained by considering user’s comfort.

5. EXPERIMENTAL RESULTS

5.1 Experiments of Squatting and Standing-up

The experiments were conducted on squatting and

standing-up motion to demonstrate the effectiveness of

the proposed approach using the spiral spring and MSS

(Muscle Stiffness Sensors). The pictures of the user

wearing RoboWear R© during the experiments are shown

in Figure 7.

(a)

(b)

(c)

(d)

Fig. 7 Experiments of squatting and standing-up wear-

ing RoboWear R©

The muscle activation, joint angles, and motor angles

from the experiments are plotted in Figures 8 and 9, re-

spectively. Squatting motion starts at about 9 seconds

and continues until 14 seconds. Standing-up motion was

followed immediately after squatting motion. The next

squatting motion starts at 36 seconds and continues until

41 seconds. The second standing-up motion finishes at 45

seconds and the user maintains stand posture until squat-

ting motion resumes at 90 seconds. At the stand posture,

the knee joint is not straightened fully, so the user would

feel difficult after a while.

In Figure 8, it can be observed that all the muscles

except biceps femoris are largely activated during squat-

ting motion and little muscle activity is detected during

standing-up motion. This is because squat posture needs

more torque than stand-up posture. The blue, green, and

red lines represent the values from MSS on vastus lat-

eralis, vastus medialis, rectus femoris, respectively. It

should be noted that biceps femoris is activated three

times at the region between 55 and 90 seconds. This is

due to the state of the user who maintains stand posture.

Figure 9 shows the plot of the motor angles. The motor

is actuated according to the control flow in Figure 6. The

motor angle decreases (unwinds) when the user squats

and it increases during standing-up motion. Also, it can

be seen that the motor winds and unwinds depending on

whether the value of MSS on biceps femoris is greater

than the threshold (2.5V ) or not. It is shown between 55

and 90 seconds because the joint velocities are less than

our threshold (1degree/sec) during that period.

5.2 Performance Evaluation

To evaluate the performance, three experiments are

devised. First, experiments of squatting and standing-

up motion are conducted without wearing RoboWear R©.

Only the muscular activities are measured using MSS.

Second, the user executed the same motion as the pre-

vious experiment but the user wore the RoboWear R© and

control was not applied. In the third experiment, the user

moved as the previous experiments while the user wore
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Squatting
Standing up

Biceps
Threshold

Standing

Fig. 8 Thigh muscle activation during the experi-

ment of squatting, standing-up, and standing wearing

RoboWear R©

Fig. 9 Motor displacement(degree) of knee joint during

the same experiment as in Figure 8

the RoboWear R© with our proposed control being applied.

Figures 10-12 shows the plots of data from MSS during

these three experiments. The plots in Figure 10 show the

muscular activities when the user feels natural. The mus-

cular activities more than that would indicate more effort

during the movement. Figure 11 shows the plots of MSS

when the user wore the RoboWear R© without motor be-

ing actuated. In this plot, the activity of biceps femoris is

noticeable while the activities of other muscles are sim-

ilar to the ones in Figure 10. This means that the user

felt heavy and made a great effort to move. The signals

from the other muscles are not used for control because

the difference is not significant from the experiment when

the user did not wear the RoboWear R©.

Figure 12 shows the plots of the values from MSS us-

ing our proposed control approach on the RoboWear R©.

Overall, the general tendency and magnitudes of the data

are comparable with those in Figure 10. This indicates

that the user would feel comfortable just like when the

Fig. 10 Thigh muscle activation during the experi-

ments without wearing RoboWear R©. Squatting and

standing-up motions are repeated.

Fig. 11 Thigh muscle activation during the experiments

wearing uncontrolled RoboWear R©. Squatting and

standing-up motions are repeated.

user would not wear any exoskeleton. Therefore, the sys-

tem meets the goal of the performance using the lower-

limb of the RoboWear R© because it was designed to sup-

port only its own structure. These experimental results

demonstrate that it is effective to use the spiral spring and

MSS with the proposed control on the exoskeleton robot.

6. CONCLUSION

A new actuation system for wearable robots is pro-

posed using spiral spring and MSS (Muscular Stiffness

Sensors). Instead of helical torsional spring, spiral spring

is chosen to provide large compliance. The comparison

between two types of torsional spring show that heli-

cal spring becomes too large to be used in exoskeleton

robots if the helical spring is designed to have the similar

stiffness and maximum torques as these of spiral spring.

Therefore, it can be concluded that spiral spring is a bet-

ter candidate to provide both convenience and required
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Fig. 12 Thigh muscle activation during the experiments

with wearing RoboWear R© with proposed control.

Squatting and standing-up motions are repeated.

torque.

MSS(Muscular Stiffness Sensors) is used because it

is much cheaper than EMG(Electromyogram) and it is

possible to set it up over the clothes. User’s states are

estimated by measuring joint encoders and MSS on thigh

muscle. The MSS on biceps femoris is used for the judge-

ment on whether the user feel difficult or not.

Efficiency of spiral spring and MSS is demonstrated

by the experiments. The lower-limb of RoboWear R© is

controlled using signals from joint encoders and MSS on

biceps femoris. Experiments of squatting, standing-up

motion, and still motion at stand position are conducted.

The experimental results show that the user would feel

similar whether wearing the exoskeleton robots or not.

This indicates that the proposed actuation system and

control method successfully enable the lower-limb ex-

oskeleton robot to support its own weight of the system.

There are still limitations on the current actuation sys-

tem. First of all, relatively weak spiral spring is used

in the experiment. Therefore, the system could not en-

hance the user’s ability but support its own exoskeleton.

Second, the spiral spring generates only one-directional

torque. This property would create limitation on other

motions. We are currently working on these two aspects

to improve the usability of the proposed system.
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