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The influence of hip joint rotation of a physical assistant robot on curving motion
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ABSTRACT
The use of physical assistant robots is expanding to activities of daily living. However, the risk of a
user fallingwhich canoccur in various environments hasnot yet been considereddespite this beinga
major concern for such robots. Therefore, this study focuses on curvingmotion, during which falling
is more likely to occur, especially when the degree of freedom of the hip joint is restricted by the
robot. We developed a physical assistant robot with an adjustable degree of freedom of hip rota-
tion and observed the curvingmotions of thewearer under different joint restriction conditions. The
resultwas statistically tested and the characteristicswere extractedusing factor analysis. Itwas noted
that in the trials involving the restriction of hip rotation, the step length, pelvis yaw angle, and speed
were significantly decreasedwith the decrease in hip rotation. However, as the participants changed
their curving motion to compensate for the effect of joint restriction, the margin of stability varied
slightly. This result suggested the necessity of implementing an assist algorithm that could change
the gait motion to compensate and improve gait stability when curving.
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1. Introduction

Recently, physical assistant robots have been developed to
provide assistance in activities of daily living and indus-
trial tasks [1,2]. However, the risk of falling is a critical
hazard for individuals who use physical assistant robots
for various applications, and thus should be carefully con-
sidered.When using a physical assistant robot, the ability
to avoid falls likely decreases due to the restriction of
motion caused by the mass of the robot [3,4], a mis-
match of the joint mechanism [5], and/or a mismatch of
the assist pattern [6]. Thus, to expand the applications
of physical assistant robots, it is important to develop a
method to analyze and decrease the risk of falling [7,8].

The complexity of the real life environment alsomakes
it difficult to utilize physical assistant robots in daily life.
Traditionally, physical assistant robots were used for gait
rehabilitation on the treadmill [9,10]. While this use case
is important and well-studied, the wearer is almost exclu-
sively walking forward and motion in the sagittal plane
dominates, which is not representative of a real-world
environment. Thus, it is required to expand the motion
ability of the physical assistant robot to fit various situ-
ations. Generally, it is required to add joints to expand
the degree of freedom (DoF). However, additional joints
potentially diminishes the assist torque because the assist
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torque is possibly absorbed as the motion and deforma-
tion of these joints especially when these joints can move
freely and are not so rigid. Furthermore, it increases the
size and mass of the robot, which makes the usability of
the robot worse. Thus, the motion variability and assist
performance may have the trade-off problem, which
means that it is required to realize various motions using
less DoF.

Human use various motions such as curving, sitting
and standing, up and down stairs, and so on in the
daily life. Among these motions, it is relatively easy to
move in the sagittal plane because gait assist robots orig-
inally equipped the DoF along with this direction. How-
ever, in the daily living environment, people changes
walking direction frequently [7,11–14]. The hip rota-
tion and adduction/abduction, which is not critical for
straight gait, are essential for curving motion [15,16].
One study on this topic demonstrated that if joint motion
is restricted, the curving motion of a human wearing a
physical assistant robot may be hindered [17]. However,
although this study compared the wearer’s motion with
and without a robotic hip joint, the results did not apply
to industrial applications of the robot as the hip joint
was removed in the free condition. Furthermore, motion
stability was not analyzed in that study. Thus, the effect
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of joint restriction by a physical assistant robot on the
curving motion and gait stability of the wearer should be
further investigated.

In addition to hip flexion/extension, the internal/external
rotation and adduction/abduction of the hip joint play
a key role in performing curving motion [15,18]. In
terms of gait motion, the internal/external rotation of the
hip is the DoF that allows changes in the direction of
the foot, and in turn the direction of the body, during
curving motion. In contrast, adduction and abduction
generate the motion of opening or closing the legs in
the frontal plane. Therefore, even when walking in a
straight line, these motions are used to place both feet
close to the center of the body. In the case of curving,
adduction and abduction of the hip are used to per-
form a lateral step, which causes an abrupt change in
walking route [15]. Thus, internal/external rotation and
adduction/abduction facilitate a smooth curvingmotion.
Notably, implementation of internal/external rotation
should be prioritized over adduction/abduction as turn-
ing the body is essential to curving motion.

In this study, the change in curvingmotion in response
to restriction of hip rotation was investigated. A physical
assistant robot frame, whose hip rotation joint could be
fixed, was used to describe the relationship between joint
restriction, curving motion, and gait stability by factor
analysis.

2. Experimental method

2.1. Apparatus

The participants walked along the path shown in
Figure 1. The path consisted of a corner section with
a radius of 0.5m and two straight sections which were
used for acceleration and deceleration. Themotion of the
participants in the corner section was recorded using a
motion capture system (MAC 3D System, Motion Anal-
ysis Corporation, US). Thirty-five markers were attached
to the body of each participant. The motion capture data
were smoothed using a sixth-order Butterworth filter.

The frame of physical assistant robot, which was
called MALO (motor actuated lower-limb orthosis), was
attached to the user by the corset around the torso,
belts around the thigh and shank, and shoes. In this
experiment, actuators were not mounted on the robot
in order to evaluate the effect of the DoF of a joint
on curving motion, independent of stabilizing actuation.
An overview of MALO is shown in Figure 2(a). MALO
had hip, knee, and ankle joints, and all joints could
rotate in the sagittal plane which is generally called flex-
ion/extension. Moreover, the hip joint had an additional
sliding mechanism to allow rotation in the horizontal

Figure 1. Curving path. The participants were instructed as to
whether the left or right foot should be used for the first step. This
figure shows the condition where the first step was with the left
foot. The circled numbers denote the number of steps taken. The
participants walked straight until the second step and performed
a curving motion from the third step.

plane by providing an additional DoF, as shown in Figure
2(b). This slidingmechanism could be fixed to restrict hip
rotation. The range of motion of hip rotation was set to
30 degree, in accordance with previous work [15].

2.2. Participants

Eleven healthy, adult male subjects participated in this
study. The participants had an average age of 22.4±2.4
years old (range: 18–25) and an average height andweight
of 171.0±5.1 cm and 64.5±7.4 kg, respectively. The body
mass index of the participants ranged between 18.5 and
25.2. The experiment was conducted with the approval of
the Nagoya University ethics committee.

2.3. Protocol

Participants were outfitted in the experimental devices
including well-fitting sportswear, motion capture mark-
ers, and MALO. Subsequently, participants continuously
walked along the path shown in Figure 1. To control the
gait timing to start curving at the appropriate position,
the starting position was adjusted such that the curv-
ing motion started from the participant’s third step. The
participant was instructed to follow the path without
stepping inside the curve.

The hip rotation was sequentially set as free and fixed
(unrestricted and restricted) in each trial to observe the
influence of joint restriction on curvingmotion. The sub-
ject are informed the restriction condition of trials and
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Figure 2. The frame of physical assistant robot ‘MALO’. The hip, knee, and ankle joints can rotate freely in the sagittal plane, which is
called flexion/extension. The hip joint has an additional degree of freedom using the sliding mechanism, which allows to rotate in the
horizontal plane. This sliding mechanism can be fixed to restrict hip rotation. (a) Overview. (b) Hip rotation joint.

get used to the device before start recording through sev-
eral times of training trials. Furthermore, the leg used for
the first step (left/right) was alternated between trials for
each hip rotation condition. Both the left-foot-start and
right-foot-start trials were recorded to evaluate the effect
of gait timing on when an individual would start curving.
Thus, each participant was tested under four conditions
in total. Ten trials were recorded per condition for each
participant, in random order.

3. Data processing

3.1. Parameter definition and calculation

Cycle time (CYtime) is the time between successive heel
contacts (HCs) of the same foot. The timing of the HC
is determined by measuring the minimum height of the
heel marker. Step time (STtime) is the time between
the successive HCs of different feet. The step length
(STlength) is the distance between the heel markers of
both feet at the time of HC in the sagittal plane. The
direction of the sagittal plane is the direction perpen-
dicular to the line consisting of the anterior superior
iliac spine (ASIS) markers, which is determined with
respect to the pelvis coordinate system. The center of
mass (CoM) velocity (CoMV) is the velocity of the CoM
at the time of HC; this parameter represents the gait
speed. The motion of the CoM was calculated using Zat-
siorsky’smethod [19] by fitting the positions of themark-
ers to a human body model (SIMM, Musculographics
Inc., US) [20].

The pelvis yaw angle (PAng) was introduced to eval-
uate the angle of the pelvis at each step in the horizontal
plane. It is the change in the direction of the pelvis, which
is determined from the rotation of the pelvis coordinate
system in the global coordinate system between the HCs.

The longest (longest dist.) and shortest distances
(shortest dist.) are the longest and shortest distances,
respectively, between the center of curvature of the walk-
ing path and the CoM during the second to fifth steps.

The foot angle (FAng) is defined as the direction of
the foot, which is determined from the line connecting
the toe and heel markers in the pelvis coordinate sys-
tem. The positive direction is towards the outside of the
body. The hip rotation angle (HRAng) is defined as the
rotation of the thigh with respect to the pelvis in the hor-
izontal plane. The direction of the thigh is determined
from the line of markers attached to the front and rear
of the thigh. Since the timing of the HC does not match
the timing of the maximum (external) and minimum
(internal) HRAngs, the maximum and minimum values
during a stride were used. The offsets of both parameters
were adjusted using the data collected from an upright
posture.

Hip flexion (TFlex) and extension (TExt) are calcu-
lated in the sagittal plane. The axis of the thigh is deter-
mined from the position of the greater trochanter, which
is estimated from the positions of the ASIS and posterior
superior iliac spine [21], and the knee marker. The hip
angle is determined as the angle of the thigh axis pro-
jected on to the sagittal plane of the pelvis coordinate
system. The offset is adjusted using the data collected
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Table 1. Results of t-test: p-value, median value and quartile range of parameters.

Left-foot-start Right-foot-start

Unrestricted Restricted Unrestricted Restricted
p-value n = 101 n = 107 p-value n = 101 n = 103

Cycle time
CYtime:2–4 [s] 1.59; 1.50 – 2.22 1.58; 1.44 – 2.21 1.57; 1.47 – 1.88 1.55; 1.41 – 2.02
CYtime:3–5 [s] 1.60; 1.50 – 2.06 1.54; 1.43 – 1.89 1.54; 1.47 – 1.94 1.55; 1.39 – 2.05
Step time
STtime:2-3 [s] 0.81; 0.75 – 1.08 0.82; 0.74 – 1.13 0.79; 0.72 – 1.03 0.78; 0.69 – 1.08
STtime:3-4 [s] 0.79; 0.73 – 1.09 0.79; 0.70 – 1.06 0.80; 0.71 – 0.92 0.78; 0.69 – 0.90
STtime:4-5 [s] 0.81; 0.74 – 0.97 0.75; 0.67 – 0.97 0.79; 0.71 – 1.03 0.78; 0.69 – 1.06
Step length
STlength:2-3 [m] ∗∗ 0.46; 0.42 – 0.50 0.40; 0.35 – 0.44 ∗∗ 0.52; 0.49 – 0.61 0.46; 0.42 – 0.55
STlength:3-4 [m] ∗∗ 0.43; 0.37 – 0.52 0.36; 0.30 – 0.44 ∗∗ 0.82; 0.77 – 0.92 0.94; 0.87 – 1.03
STlength:4-5 [m] ∗∗ 0.44; 0.39 – 0.52 0.24; 0.19 – 0.31 ∗∗ 0.46; 0.42 – 0.55 0.41; 0.37 – 0.44
CoM velocity
CoMV2 [m/s] ∗∗ 0.66; 0.50 – 0.72 0.57; 0.39 – 0.69 ∗∗ 0.63; 0.53 – 0.74 0.55; 0.45 – 0.66
CoMV3 [m/s] ∗∗ 0.57; 0.45 – 0.68 0.5; 0.37 – 0.61 0.62; 0.46 – 0.75 0.58; 0.40 – 0.70
CoMV4 [m/s] ∗∗ 0.58; 0.48 – 0.62 0.44; 0.33 – 0.56 ∗∗ 0.59; 0.43 – 0.67 0.44; 0.34 – 0.55
CoMV5 [m/s] ∗∗ 0.55; 0.45 – 0.61 0.36; 0.27 – 0.46 ∗∗ 0.51; 0.44 – 0.59 0.4; 0.33 – 0.50
Pelvis yaw angle
PAng:2-3 [deg] 7.61; 5.42 – 11.38 8.54; 5.20 – 11.81 ∗∗ 11.53; 5.13 – 17.23 3.86; 0.21 – 8.99
PAng:3-4 [deg] ∗∗ 26.66; 22.51 – 32.65 11.66; 8.84 – 16.76 ∗∗ 27.77; 22.66 – 33.41 20.46; 17.26 – 26.00
PAng:4-5 [deg] ∗∗ 35.62; 30.55 – 40.15 25.56; 21.74 – 31.08 ∗∗ 29.00; 25.35 – 33.48 19.8; 15.68 – 23.92
Distance
Longest dist. [m] ∗∗ 0.84; 0.81 – 0.89 0.82; 0.80 – 0.85 ∗∗ 0.88; 0.84 – 0.92 0.84; 0.80 – 0.89
Shortest dist. [m] ∗∗ 0.58; 0.57 – 0.60 0.6; 0.58 – 0.62 0.58; 0.57 – 0.61 0.6; 0.59 – 0.62
Foot angle
FAng2 [deg] ∗ 7; 2.33 – 17.07 7.41; 3.72 – 17.37 −4.75;−8.72 –−1.48 −4.08;−6.08 –−1.17
FAng3 [deg] ∗∗ 0.84;−3.31 – 10.05 −0.98;−3.12 – 1.39 ∗ 1.73;−7.88 – 7.17 0.80;−2.60 – 9.68
FAng4 [deg] ∗∗ −1.48;−10.10 – 5.73 1.29;−4.76 – 7.88 4.78;−0.18 – 13.79 3.52; 1.00 – 6.55
FAng5 [deg] 1.93;−1.48 – 8.19 2.08;−1.02 – 4.03 3.02;−3.46 – 8.32 0.21;−3.93 – 7.12
Hip rotation angle
HRAng:2–4 (Ext) [deg] ∗∗ 17.83; 14.17 – 25.41 13.42; 11.31 – 21.10 ∗∗ 1.11;−1.11 – 5.48 0.33;−1.65 – 2.04
HRAng:2–4 (In) [deg] ∗∗ 2.28;−5.77 – 5.00 4.47;−2.62 – 6.19 ∗∗ −10.03;−12.96 –−7.24 −5.99;−10.52 –−3.80
HRAng:2–4 (Diff) [deg] ∗∗ 17.59; 14.18 – 19.94 9.86; 7.71 – 15.05 ∗∗ 11.63; 8.43 – 15.45 5.76; 4.54 – 8.64
HRAng:3–5 (Ext) [deg] ∗∗ 1.78;−1.58 – 4.78 0.46;−3.59 – 1.73 ∗∗ 19.97; 11.25 – 29.19 13.32; 10.99 – 21.99
HRAng:3–5 (In) [deg] ∗∗ −11.96;−14.04 –−9.65 −5.40;−9.70 –−2.92 ∗∗ −0.37;−5.83 – 2.58 2.50;−2.87 – 5.98
HRAng:3–5 (Diff) [deg] ∗∗ 12.92; 9.90 – 16.96 5.01; 3.88 – 7.03 ∗∗ 18.86; 15.24 – 25.53 10.75; 8.18 – 15.39
Thigh flexion/extension
TFlex:2–4 [deg] 18.55; 9.29 – 30.63 19.84; 11.65 – 32.06 22.13; 11.63 – 34.30 20.19; 12.24 – 41.28
TExt:2–4 [deg] −10.55;−19.72 – 1.71 −6.90;−13.43 – 3.97 −6.07;−15.19 – 2.39 −5.58;−15.56 – 2.24
TFlex-TExt:2–4 (Diff) [deg] 28.36; 25.42 – 30.76 26.31; 23.11 – 31.46 28.25; 25.16 – 34.24 28.18; 22.61 – 34.25
TFlex:3–5 [deg] 21.71; 11.93 – 34.37 19.24; 13.46 – 33.07 18.59; 8.29 – 35.20 18.38; 10.26 – 33.55
TExt:3–5 [deg] −3.45;−15.15 – 7.28 −0.51;−11.5 – 6.31 −7.25;−16.42 – 6.97 −1.11;−11.32 – 8.27
TFlex-TExt:3–5 (Diff) [deg] 27.15; 20.40 – 31.61 26.46; 16.88 – 32.52 ∗∗ 25.25; 22.87 – 30.02 22.45; 19.90 – 25.36
MoS traveling
MoSt2 (Max) [m] 0.08; 0.06 – 0.13 0.09; 0.06 – 0.12 0.06; 0.00 – 0.1 0.08; 0.04 – 0.13
MoSt3 (Max) [m] ∗∗ 0.09; 0.06 – 0.12 0.11; 0.09 – 0.14 0.11; 0.10 – 0.14 0.13; 0.11 – 0.18
MoSt4 (Max) [m] 0.12; 0.10 – 0.14 0.12; 0.10 – 0.16 0.11; 0.07 – 0.14 0.11; 0.06 – 0.14
MoSt5 (Max) [m] ∗∗ 0.12; 0.09 – 0.15 0.09; 0.06 – 0.13 0.12; 0.10 – 0.15 0.14; 0.11 – 0.18
MoSt2 (Min) [m] ∗∗ −0.20;−0.22 –−0.15 −0.17;−0.21 –−0.12 −0.19;−0.22 –−0.14 −0.17;−0.21 –−0.12
MoSt3 (Min) [m] ∗∗ −0.22;−0.27 –−0.16 −0.17;−0.23 –−0.11 ∗∗ −0.26;−0.32 –−0.22 −0.22;−0.29 –−0.17
MoSt4 (Min) [m] ∗∗ −0.21;−0.27 –−0.17 −0.13;−0.23 –−0.08 ∗∗ −0.17;−0.23 –−0.14 −0.10;−0.16 –−0.05
MoSt5 (Min) [m] ∗∗ −0.22;−0.26 –−0.18 −0.06;−0.13 –−0.01 ∗∗ −0.23;−0.31 –−0.16 −0.17;−0.23 –−0.11
MoS mediolateral
MoSl:2–4 (Max) [m] 0.21; 0.18 – 0.25 0.21; 0.19 – 0.24 0.19; 0.15 – 0.24 0.17; 0.14 – 0.22
MoSl:2–4 (Min) [m] 0.04; 0.03 – 0.06 0.05; 0.04 – 0.06 0.00;−0.04 – 0.01 −0.01;−0.04 – 0.02
MoSl:3–5 (Max) [m] ∗∗ 0.22; 0.16 – 0.27 0.15; 0.11 – 0.21 0.16; 0.13 – 0.19 0.15; 0.12 – 0.19
MoSl:3–5 (Min) [m] ∗∗ 0.00;−0.03 – 0.01 −0.01;−0.06 – 0.01 −0.03;−0.06 – 0.00 −0.03;−0.07 –−0.01

Note: ∗ ≤ 0.05, ∗∗ ≤ 0.01.

from an upright posture. In our analysis, the maximum
flexion angle, maximum extension angle, and their dif-
ference were used. In Tables 1 and 2, this difference is
expressed as ‘TFlex-TExt (Diff)’.

The margin of stability (MoS), which is equivalent to
the index of stability, is calculated independently in the

traveling and mediolateral directions using the XCoM
method [22]. XCoM is an index which consists of the
position and velocity of the CoM to account for dynamic
balance. The MoS is calculated as the distance between
the XCoM and the base of support. A larger MoS indi-
cates greater stability.
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Table 2. Factor scores of curving motion.

Left-foot-start: n = 208 Right-foot-start: n = 204

1st factor 2nd factor 3rd factor 1st factor 2nd factor 3rd factor
Contribution ratio [%] 23.2 14.0 13.4 20.2 16.5 12.4

Cycle time
CYtime:2–4 0.92 0.34 0.16 0.92 0.34 0.11
CYtime:3–5 0.76 0.51 0.20 0.87 0.31 0.16
Step time
STtime:4-5 0.93 0.24 0.16 0.91 0.30 0.11
Step length
STlength:2-3 −0.23 0.53 −0.05 −0.22 0.48 0.68
STlength:3-4 −0.26 0.79 0.05 0.07 0.46 −0.49
STlength:4-5 −0.41 0.81 −0.02 −0.31 0.18 0.83
CoM velocity
CoMV2 −0.83 0.24 0.01 −0.88 0.08 0.37
CoMV3 −0.91 0.12 0.01 −0.92 0.19 0.20
CoMV4 −0.87 0.33 −0.10 −0.76 0.04 0.59
CoMV5 −0.81 0.49 0.04 −0.82 0.10 0.38
Pelvis yaw angle
PAng:2-3 −0.30 0.23 0.29 0.00 0.02 0.71
PAng:3-4 −0.17 0.73 −0.30 −0.56 0.35 0.44
PAng:4-5 −0.56 0.51 0.13 0.01 −0.14 0.53
Distance
Longest dist. −0.22 0.22 −0.19 0.47 0.03 0.35
Shortest dist. 0.12 −0.36 −0.31 0.05 −0.21 −0.14
Foot angle
FAng2 0.19 0.47 0.08 0.35 0.22 0.03
FAng3 −0.05 −0.20 −0.94 0.02 −0.73 −0.06
FAng4 0.26 0.08 0.22 0.21 0.36 0.19
FAng5 0.07 −0.43 −0.76 −0.05 −0.56 0.25
Hip rotation angle
HRAng:2–4 (Ext) −0.22 0.31 −0.67 −0.26 0.14 0.07
HRAng:2–4 (In) 0.09 0.06 −0.80 −0.03 −0.14 −0.27
HRAng:2–4 (Diff) −0.61 0.47 0.34 −0.21 0.27 0.34
HRAng:3–5 (Ext) 0.08 0.28 −0.02 −0.23 −0.26 0.50
HRAng:3–5 (In) 0.17 −0.41 −0.07 0.05 −0.44 0.26
HRAng:3–5 (Diff) −0.10 0.65 0.06 −0.47 0.33 0.38
Thigh flexion/extension
TFlex:2–4 0.10 0.07 0.58 −0.06 0.63 0.09
TExt:2–4 0.20 −0.02 0.46 0.17 0.36 −0.07
TFlex-TExt:2–4 (Diff) −0.25 0.27 0.45 −0.33 0.66 0.25
TFlex:3–5 0.02 0.14 0.57 0.01 0.60 0.11
TExt:3–5 0.20 −0.18 0.36 0.09 0.47 0.04
TFlex-TExt:3–5 (Diff) −0.27 0.51 0.43 −0.20 0.53 0.20
Margin of stability traveling
MoSt2 (Max) 0.62 −0.07 0.42 −0.03 0.57 −0.19
MoSt3 (Max) 0.73 0.01 0.14 −0.48 0.67 −0.09
MoSt4 (Max) 0.22 0.06 0.50 0.08 0.75 0.02
MoSt5 (Max) 0.42 0.48 0.33 −0.36 0.70 0.40
MoSt2 (Min) 0.83 −0.22 −0.03 0.91 −0.18 −0.21
MoSt3 (Min) 0.79 −0.23 0.06 −0.22 0.40 −0.65
MoSt4 (Min) 0.51 −0.52 0.29 0.18 0.33 −0.59
MoSt5 (Min) 0.57 −0.27 0.28 −0.02 0.76 −0.34
Margin of stability mediolateral
MoSl:2–4 (Max) 0.08 0.06 −0.35 −0.05 −0.13 0.05
MoSl:2–4 (Min) −0.13 −0.26 −0.11 0.52 0.01 −0.23
MoSl:3–5 (Max) −0.10 0.01 −0.58 0.29 0.08 0.16
MoSl:3–5 (Min) 0.32 −0.07 −0.13 0.55 −0.16 −0.01

The MoS in the traveling direction (MoSt) attains its
minimum value shortly before HC and reaches its maxi-
mumsoon after thewhole foot touches the ground. These
values are theminimum andmaximumMoS of each step,
respectively. The timings of themaximum andminimum
MoS in themediolateral direction (MoSl) are determined
for each stride.

3.2. Analysis method

In advance, logarithmic transformation was performed.
Stride parameters were compared between groups of
different hip rotation restriction condition usingMANOVA
(Multivariate analysis of variance) [23]. Then, each
parameter was compared using t-test, respectively [24].
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Subsequently, factor analysis was used for both the left-
foot-start and right-foot-start trials to extract the features
of the curving motion [25].

4. Results

The second to fifth steps of each trial were analyzed,
as all participants performed these steps in a curv-
ing motion regardless of restriction condition. Trials in
which motion capture markers were entirely obstructed
from view were omitted. Thus, 6–10 trials were analyzed
from the test conditions for each participant with a total
of 101–107 trials analyzed for each condition. The num-
ber of trials of each condition are provided in Table 1.
The trajectory of footsteps of representative trials of each
condition are shown in Figure 3

4.1. Difference in parameters for different joint
restriction conditions

The parameters for each condition are listed in Table 1.
The numbers beside each parameter correspond to the

step number defined in Figure 1. Parameters were sta-
tistically compared by MANOVA and t-test between dif-
ferent restriction conditions. According to the result of
MANOVA, significant difference were seen in both Left
and Right foot start conditions (p < .01) between the
unrestricted and restricted conditions.

4.1.1. Left-foot-start
As shown in Figure 1, the second and fourth steps corre-
spond to the right foot in this case. Thus, the third and
fifth steps correspond to the left foot. In the restricted
condition, the values of HRAng and TFlex/Ext sug-
gested that hip rotation decreased significantly, unlike
the flexion and extension of the hip joint. With regards
to the gait timing, which was represented by CYtime,
STtime, STlength, and CoMV, the speed and step length
decreased significantly, while there was a non-significant
decrease in step time. Furthermore, it was noted that a
decrease in the PAng corresponded to the decrease in step
length. The difference in theMoS depended on the direc-
tion and side of the leg. In the traveling direction, theMoS

Figure 3. Position of footstep and CoM trajectory. Representative trials of each condition are displayed. The number placed beside each
footstep stands for the step number. (a) Unrestricted, start from left step, (b) Restricted, start from left step, (c) Unrestricted, start from
right step, (d) Restricted, start from right step.
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of the left step was more affected by the restriction of the
hip joint compared to the right step.

4.1.2. Right-foot-start
When the trial was started with the right foot, in con-
trast to the situation shown in Figure 1, the third and
fifth steps corresponded to the right foot, and the sec-
ond and fourth steps corresponded to the left foot. The
trend in the hip angle and gait timing data was similar
to the trend observed in the left-foot-start case. However,
the difference between theMoS values was smaller in this
condition.

4.2. Factor analysis

The results of the factor analysis are presented in Table 2.
Three major factors were identified for each condition.
To improve the accuracy of the analysis, the step timewas
consolidated as a single parameter.

4.2.1. Left-foot-start
The first factor was primarily related to the CYtime,
STtime, CoMV, MoSt, and HRAng of the right stride
(between the second and fourth steps). The parameters
describing gait timing, except for STlength, were repre-
sented by this factor. The second factor primarily con-
sisted of the STlength, PAng, and HRAng of the left
stride (between the third and fifth steps). The third factor
was represented by the FAng, HRAng of the right stride
(HRAng:2–4), and TFlex/Ext. Notably, the second fac-
tor pertained to the parameters that significantly differed
between the restriction conditions. Furthermore,HRAng
was related to each of the three factors.

Subsequently, the relationship between the restriction
condition and the factors was evaluated by performing
the t-test. The results indicated that both the first and sec-
ond factors differed significantly (p < .01) between the
unrestricted and restricted conditions. In the restricted
condition, the first factor became big whereas the second
factor was small.

4.2.2. Right-foot-start
The first factor was related to the CYtime, CoMV, and
MoSt, similar to in the left-foot-start case. However,
the second factor consisted of the MoSt, FAng, and
TFlex/Ext, which differs from the left-foot-start case.
The third factor consisted of the STlength, PAng, and
MoSt, and appeared to be similar to the second factor of
the left-foot-start case, as it consisted of the parameters
that significantly differed between the restriction condi-
tions. The comparison of the factors between the different

restriction conditions indicated that only the third fac-
tor was significantly reduced (p < .01) in the restricted
condition.

5. Discussion

5.1. Curvingmotion under unrestricted condition

5.1.1. Left-foot-start
Although the participant entered the corner section from
the third step (left step), the direction of the pelvis
changed only slightly, according to the value of PAng:2-
3 in Table 1. However, the slight internal rotation of the
right hip (indicated by HRAng:2–4 (In)) suggested that
the stepping leg was directed along the curve rather than
the straight section.

At the fourth step, the participant started turning. To
place the fourth step (right step) inside the curve, the
stance leg rotated inward, as indicated by the rotation of
the left hip (HRAng:3–5 (In)). Thus, PAng:3-4 increased
at this step. Furthermore, the large PAng of the fifth step
(PAng:4-5) suggested that the curving motion continued
at the fifth step.

5.1.2. Right-foot-start
The participant started to curve from the third step (right
step) in this case as well. The large internal rotation of the
left hip (HRang:2–4 (In)) suggested that the third step
was toward the inside of the curve, although PAng:2-3
was less than in successive steps. This motion resem-
bled that of the fourth step in the left-foot-start case, and
corresponded to the outside (right) leg.

Next, at the fourth step, PAng:3-4 increased, indicat-
ing the change in body direction had begun. At this step,
the step length (STlength:3-4) was greater than that of the
other steps. The long fourth step required the small exter-
nal rotation of the left hip (HRang:2–4 (Ext)) to prevent
to separate from the path.

5.2. Effect of the restriction of hip rotation

5.2.1. Left-foot-start
It appears obvious that the decrease in the HRAng
is a consequence of joint restriction. Accordingly, the
decrease in the PAng is likely caused by the decrease in
hip rotation because hip rotation is essential to chang
the direction of the pelvis. Furthermore, the CoMV and
STlength decreased, which indicate a change in gait. The
decrease in these parameters could be attributed to the
fact that the participant walked with a short stride due to
restriction of hip rotation.
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According to the factor analysis, both the first and
second factors were considerably affected by the restric-
tion of the hip joint and included the HRAng. However,
the parameters included in each factor were different.
The first factor was related to the STtime, CoMV, MoSt,
and HRAng:2–4(Diff)), which represents the stride of
the outer leg. It is interesting to note that these param-
eters are not directly related to the curving motion. In
contrast, the parameters of the second factor, such as
the STlength and PAng, are parameters representative of
curvingmotion. Furthermore, HRAng:3–5(Diff)), which
denotes the stride of the inner leg, was included in this
factor. Thus, according to the first factor, the restriction
of the outer leg led to a slow gait, which corresponded
to a decrease in speed and the STlength. In contrast, the
second factor suggests that the restriction of the inner leg
diminished the curvingmotion of each step, correspond-
ing to a small PAng and STlength.

5.2.2. Right-foot-start
Although the trend of the parameters appears to be sim-
ilar to that of the left start case, the effect of restriction
seems to be smaller, especially for the MoS. In the factor
analysis, the parameters of the first factor partly resem-
bled those of the left start case, as the STtime and CoMV
were related to this factor. However, the hip rotation was
weakly related to this factor, and the effect of the joint
restriction was not significant. The parameters related
to the curving motion (i.e. STlength and PAng) were
included in the third factor and the effect of the joint
restriction was significant. Furthermore, the HRAng was
also weakly related to this factor. Thus, in the right start
case, the relationship between the restriction of a specific
side and change in the motion is more obscure compared
to that of the left start case.

5.3. Stability

According to the definition of the MoS, to improve the
MoS, the step foot must be placed far from the CoM and
the CoM height and velocity should be decreased [22].
However, none of the participants attempted to control
their CoM height in this experiment. Thus, the change in
theMoSwas caused by changes in foot position andCoM
velocity.

During the curvingmotion, the change in CoM veloc-
ity and step position was predominantly observed in the
sagittal plane. Thus, the MoSl was slightly affected by
restriction, especially in the right start case. Furthermore,
the MoSl was not strongly related to the three major
factors.

In the traveling direction, despite the joint restric-
tion making it difficult for the participants to maintain

balance naturally, the MoSt tended to increase in the
restricted condition. It is possible that this arose from the
participants compensating for the effect of joint restric-
tion to maintain a balanced gait. Although the reduc-
tion of pelvis yaw angle in each step tended to decrease
the MoS by decreasing the step length, the participants
recovered from this effect by decreasing the gait speed.
Furthermore, the MoSl was related to the CoMV rather
than the STlength, as indicated by the first factors of both
the left- and right-foot-start cases. It should be consid-
ered that MoS cannot currently be used as an absolute
measure of stability because gait motion is fundamentally
unstable. Thus, the value of the MoS is a relative index,
and the qualitative difference in gait motion caused by
compensation for joint restriction should be considered.

5.4. Limitations

For statistical analysis, the subjects with similar attribu-
tion, young male adults, were recruited in this experi-
ment. However, the effect of joint restriction on the curv-
ing motion probably differs among various gait motions
of different attribution of subjects. For example, it was
reported that the elderly sometimes performes a different
stepping strategy [26]. The experiment of subjects with
various gait motions is required to generalize the result.

The curvingmotionmaybe depends on the configura-
tion of physical assistant robot because the mass, inertia,
stiffness and other design parameters potentially affect
gait motion [3,4,27]. In this study, the joint restriction
was focused. Thus, the curving motion under the restric-
tion of hip rotation were compared. Furthermore, com-
mon type of joint mechanism and fixation method are
selected for generality. To evaluate the effect of configu-
ration of assistant robot, another study, which compares
the motion under different configurations, is required.

6. Conclusion

In this study, changes in gait and stability caused by a
physical assistant robot were observed and analyzed dur-
ing curving motion. Factor analysis was used to reveal
important features of curving motion with and without
joint restriction. The results suggested that restriction of
hip rotation which is required for curving motion caused
a significant decrease in the step length, speed, and pelvis
yaw angle of each step. Furthermore, it was revealed
that the participants changed their curving motion to
compensate for the effects of joint restriction. However,
considering gait stability, the MoS sometimes increased
in the restricted condition. This trend can be ascribed
to the fact that the participants maintained gait stabil-
ity when compensating for joint restriction. The results
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of this study indicate that an assist algorithm for curv-
ing motion should be formulated for physical assistant
robots. In particular, this algorithm should match the
characteristics of curving motion, which differs accord-
ing to the actuation mechanisms of different joints in the
physical assistant robot. Therefore, the result of this study
suggests the direction of the improvement of the joint
structure and assist algorithm of the physical assistant
robot, which will be used in the daily living environment.
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