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Abstract: We propose a new method for the customized design of hip exoskeletons based on the optimization of the human-
machine physical interface to improve user comfort. The approach is based on mechanisms designed to follow the natural tra-
jectories of the human hip as the flexion angle varies during motion. The motions of the hip joint center with variation of the
flexion angle were measured and the resulting trajectory was modeled. An exoskeleton mechanism capable to follow the hip
center’s movement was designed to cover the full motion ranges of flexion and abduction angles, and was adopted in a lower
extremity assistive exoskeleton. The resulting design can reduce human-machine interaction forces by 24.1% and 76.0% during
hip flexion and abduction, respectively, leading to a more ergonomic and comfortable-to-wear exoskeleton system. The human-
exoskeleton model was analyzed to further validate the decrease of the hip joint internal force during hip joint flexion or abduction

by applying the resulting design.
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1 Introduction

With rapid progress in mechatronics and robotics,
anthropomorphic exoskeletons have been widely
studied for rehabilitation applications and for general
walking assistance. Key contributions in these areas
include lower extremity exoskeletons for post-stroke
patient rehabilitation on treadmills (Lopes (Veneman
et al., 2006) and Lokomat (Hidler et al., 2009)),
wearable exoskeletons for paraplegic daily walking
(HAL (Suzuki et al., 2007), Indego (Farris et al.,
2011), and Rewalk (Esquenazi et al., 2012)), and
upper arm exoskeletons for upper body rehabilitation
(Armin-III (Nef et al., 2013) and IntelliArm (Ren et
al., 2013)). Although such exoskeletons can assist or
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guide the motions of humans, especially patients,
there is potential for discomfort and injury if the de-
signs are not compatible with human biomechanics
(Wang et al., 2014). Without the ability to fully sense
discomfort, paraplegic or post-stroke patients may
even suffer from serious injuries during repeated
rehabilitation, where comfort is far from ideal when
wearing traditional exoskeletons. To address such
problems, we focus on the lower body and present a
human-biomechanics-based exoskeleton for provid-
ing support to the hip joint in a natural way. Based on
the human anatomical experimental data, the de-
signed mechanical hip joint center (HJC) can follow
naturally occurring motions as the flexion angle varies.

Traditional exoskeleton designs are often based
on assumptions that bionic joints are simplified to ‘pin
and socket’ or ‘ball and socket’ jointed engineered
designs to reduce kinematic complexity. It is usually
these simplifications that cause the incompatibility of
the exoskeleton’s motions with human movements.
Schiele and van der Helm (2006) improved
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ergonomics in human-machine interaction through
the kinematic design of an upper-arm exoskeleton.
Stienen et al. (2009) decoupled joint rotations and
translations to make self-alignment exoskeleton axes,
and the decoupling approach was applied to the up-
per-limb exoskeleton. Jarrasse and Morel (2012) de-
signed kinematics of fixations between an exoskele-
ton and a human to improve the physical connections.
Cempini et al. (2013) presented a complete analytical
treatment of the problem of misalignment in a robotic
chain for human limb torque assistance. These
aforementioned approaches can effectively improve
the compatibility of an upper-arm exoskeleton.
However, for a lower-limb exoskeleton, a disad-
vantage is mainly the vertical orientation of the seg-
ments. As each exoskeleton segment is connected to
each leg segment, without strong translational cou-
plings to other exoskeleton segments, individual cuffs
may slip due to gravity and cyclical inertial forces that
may irritate participants (Stienen et al., 2009).
Several approaches have been used to realize the
alignment of the hip joint motions of a human wear-
ing an exoskeleton. The most common approach ap-
plied is adding some form of size adjustment mecha-
nism, e.g., HAL-3 (Kawamoto and Sankai, 2005),
Lokomat (Hidler et al., 2009), and ALEX (Banala et
al., 2009), which can help with the alignment of the
hip flexion axis. However, the exoskeleton hip ab-
duction axis cannot be regulated in this way because it
leads to deviation of the hip joint between the motions
of the human and the exoskeleton. Valiente (2005)
designed a quasi-passive parallel leg with a cam and
cam roller mechanism at the upper leg to realize hip
abduction joint alignment. Because of the passive
joint design, the friction caused by the mechanism
results in additional energy consumption for the
wearer. To address this problem, Zoss et al. (2006)
developed the Berkeley Lower Extremity Exoskele-
ton (BLEEX), with its flexion and abduction rotation
axes intersecting at the human HJC, which was fixed
during flexion and abduction. Although these ap-
proaches have contributed to realizing better hip joint
alignment, dynamic motions of HJIC based on human
biomechanics have not yet been accommodated for.
We present a design method without additional
passive joints to improve the compatibility of the
exoskeleton hip joint. The alignment of the exoskel-
eton hip joint to the human HJC dynamic motions is

the key point of this method. To achieve this goal, the
three hip joint orthogonal axes, the flexion/extension
axis, the abduction/adduction axis, and the internal/
external rotation axis are split and followed up with
translations of the flexion/extension axis and the
abduction/adduction axis. The aforementioned trans-
lations help create dynamic exoskeleton HJC motions
during thigh movements to provide a full coverage of
human HJC motions. Because neither additional
joints nor power units are used, this method leads to a
simpler exoskeleton mechanism. The method we
present provides a convincing alternative for exo-
skeleton mechanical design aiming at joint alignment.
The only challenge is that the human HJC motions
need to be understood well.

Thus, an understanding and quantification of
anatomical joint center motions is necessary for de-
signing exoskeleton joints. The HJC is focused upon
in this study. In a pelvic anatomical coordinate system,
the motions of the HIC have been estimated previ-
ously using a functional method applied by calculat-
ing the center of the best sphere described by the
trajectory of markers placed on the thigh during sev-
eral trials of hip rotation (Leardini et al, 1999).
However, the accuracy of the functional method is
affected by the hip motion range, and research shows
that the shape of the hip deviates from being spherical
and becomes conchoidal (Greenwald and O’Connor,
1971; Afoke et al., 1984; Menschik, 1997) or as-
pherical (Kang, 2004). Meanwhile, results of tracking
the translations of human hip joints show that the
motions of the femoral head (Zakani et al., 2012)
indicate that the HJC is not a fixed point during thigh
movements, which should be kept in mind when de-
signing exoskeletons to support human motion.
Hence, we design an experimental task including
static and dynamic sections. The static section uses a
functional method to calculate the static HIC and the
distance between the static HIC and markers pasted
on the thigh surface during a limited range of hip
motions. During the dynamic section, the thigh moves
freely in the reachable space and specific optimiza-
tion methods based on the results from the static tests
are used to calculate the dynamic motion of the HJC.

The result of the dynamic section is then used to
guide the design of a more biomechanically compat-
ible exoskeleton hip joint based on the derived me-
chanical HIC model. The validity of the compatible



794 Yang et al. / Front Inform Technol Electron Eng 2016 17(8):792-802

exoskeleton hip joint is examined by studying
human-machine interaction and hip joint internal
forces, and the conclusions are presented.

2 Hip joint center experimental task

The experimental task of measuring HIC was
designed to obtain the anatomical motions of HJC
during normal walking. The OptiTrack motion cap-
ture system (Krupicka et al., 2014) was used in
measuring walking activity. As shown in Fig. 1, seven
reflective markers were pasted on the right leg. One
marker was placed on the anterior superior iliac spine
(ASIS) to record any shaking of the pelvis and also
was regarded as the origin of the body coordinate
system. Two markers were placed on the lateral
femoral epicondyle (LFE) and medial femoral epi-
condyle (MFE) to calculate the femoral orientation
based on the International Society of Biomechanics
(ISB) recommendations (Wu et al., 2002). Another
four markers were located on the thigh surface,
grouped as a block to minimize the influences of
human soft tissues (Gao et al., 2007). Six infrared
cameras (V100: R2 (OptiTrack Inc., USA)) were
placed in a semicircle pattern to record the motions of
the seven markers. Three volunteers have participated
in this experimental task and their details are shown in
Table 1.

Anterior
superior iliac
spine

Marker group
block

Lateral
femoral
epicondyle

Medial
femoral
epicondyle

Fig. 1 Reflective marker locations

Table 1 Information of subjects for the experimental task

Subject Gender Age (year) Height (cm)
1 Male 27 169
2 Male 24 170
3 Male 23 173

2.1 Static section

During static section tests, the participants were
asked to lift their right leg slightly in the sagittal plane,
and the flexion angle was limited within 10°. Because
of the minute movements of the femoral head in the
acetabulum, the HIC was assumed to stay fixed dur-
ing the static section tests. Therefore, if the marker
group block stays in the same position and the influ-
ence of human soft tissue is ignored, the distances
between HJC and the markers in the block are invar-
iant. This marker group block method has been shown
to be a reasonable way to minimize errors introduced
by human soft tissues (Gao et al., 2007). Thus, the
distances between the static HIC and the markers can
be calculated using a functional method (Leardini et
al., 1999) that is well known for obtaining the optimal
center of rotation position in human ball-and-socket
joints. Different objective functions of the functional
method were compared and validated by Camomilla
et al. (2006). We used the Spheric-4 (S4) algorithm
for its high precision and repeatability (Gamage and
Lasenby, 2002).

Fig. 2 shows the implementation of the S4 algo-
rithm with one marker on the surface of the thigh, the
global coordinate system (CS), and the body CS. The
global CS O-XYZ is defined by the motion capture
system, and the body CS o0-xyz is established

Fig. 2 Human hip coordinate systems



Yang et al. / Front Inform Technol Electron Eng 2016 17(8):792-802 795

referring to the ISB recommendations (Wu et al.,
2002) with the origin o determined by a marker on the
ASIS. Then the objective function of the S4 algorithm
can be denoted by (Gamage and Lasenby, 2002)

Sy =3[ pr-mF = FT. ()

m=1 n=1

where ¥" and m are vectors from the HIC to the
markers and the origin o to the HJC respectively, M
and N are the marker number and sample number
during thigh flexion movements respectively (we

choose M=4 and N=700 in this study), and p" canbe
calculated by

P, =P, ~ Py @

o m

Here °p!" denotes the position of the four markers of

the block and p; denotes the position of the ASIS
marker, which points from the globe CS origin O to
the body CS origin o.

By minimizing Eq. (1), the HJC position can be
calculated. During the static section tests, only the
motions of the ASIS marker and the four markers of
the block were used.

Differentiating Eq. (1) with respect to ¥ and m,
we obtain

Am =B, 3)
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Because the optimal HJIC position m is obtained,
the distance between HJC and the four markers of the
block can be obtained by

N
W:/%ZXﬁ—m%nFLll4 )
n=1

Table 2 presents the results of six repeated ex-
periments conducted on the first participant. The
mean distance (AVE) and standard deviation (STD) of

the four markers are also listed. The results show
good data consistency and agree well with research
results provided by Leardini et al. (1999).

Table 2 Distances between markers and HJC

Experiment || (cm)  [¥’| (cm) || (cm) [¥*| (cm)
1 27.38 30.30 39.95 39.86
2 27.74 30.41 40.21 40.11
3 26.78 29.50 39.18 39.14
4 27.90 30.50 40.26 40.13
5 27.28 29.80 39.57 39.42
6 28.36 30.85 40.79 40.56
AVE 27.57 30.23 39.99 39.87
STD 0.55 0.49 0.56 0.52

AVE: mean distance; STD: standard deviation. |r'|-|r’| represent
the distances between markers and the HIC

2.2 Dynamic section

The participants were asked to start the dynamic
section trials once they had finished the static section
tests. During the dynamic section tests, the hip joints’
arc movements, consisting of flexion and abduction
motions, were selected because normal walking also
comprises hip joint flexion and abduction motions.
The participants performed the arc movements 10
times repeatedly at their self-selected speeds, and
were asked to make the flexion and abduction ranges
as wide as possible. Because " had been obtained and
was considered to be constant during this section due
to that the marker block was located at the same po-
sition during both sections, the optimal HIC motions
of the dynamic section can be calculated by mini-
mizing the following equation (Yan et al., 2014):

fm =Yl -mlF Y]

During the hip joint arc movements, the flexion
angle could be calculated by the two markers located
on the LFE and MFE according to Egs. (6) and (7):

(Xegs VepsZpp) = (Vg + V) / 2 —m, (6)

eﬂcx = arccos(yFE/\/ x;E + y;E )v @)

where v pg and vyrg are positions of markers on the
LFE and MFE under body CS respectively, and ffex is
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the angle of hip joint flexion during arc movements.
Fig. 3 shows the spatial anatomical HJC position of
participant 1 during the dynamic section.
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Fig. 3 HJC position during thigh arc movements
(a) HIC motion; (b) Frontal direction; (c) Lateral direction;
(d) Upward direction

Considering the anatomical structure of the par-
ticipants’ hip joints, the HJIC position should be at the
same location during repeated hip joint flexion. In
other words, the HJC trajectories of each trial should
be curves with the same starting- and end-point.
However, because of the hip joint’s internal/external
rotation during arc movements when adapting to
flexion and abduction, it was hard for the participant
to maintain a constant internal/external rotation angle

and HJC trajectory between different movement trials.

The results shown in Fig. 3 also confirm this. At the
beginning of the arc movement, when the flexion
angle is 30°, the deviations of frontal, lateral, and
upward directions are quite small. When the flexion
angle decreases, the deviations of all three directions
increase, because the influence of the hip joint
internal/external rotation angle becomes larger. The
HIC’s position stays almost the same while the flex-
ion angle is within 10° in the three directions and then
rises rapidly in the frontal and upward directions, and
falls sharply in the lateral direction. Unlike the center
of rotation movements of the knee joint (Lee and Guo,
2010) and the shoulder joint (Yan et al., 2014), which
are more than 30 mm, the HJC’s position movement is

less than 10 mm, but it is clear that it does not stay still.
This result is in accordance with the findings provided
by Zakani et al. (2012) using surgical navigation
methods. Because the human-exoskeleton system is a
closed chain mechanism, the misalignments of
human-exoskeleton HJC positions would lead to in-
ternal forces exerted onto the participant during the
closed chain mechanism’s motions. Therefore, the
influence of these small misalignments was analyzed
and compared with the misalignment compensation
design of the exoskeleton by experiments.

3 Exoskeleton hip joint design

Traditional exoskeleton hip joints were designed
as ball-and-socket joints, which means that the me-
chanical HJC stays still during walking. Because the
anatomical HJC position has been measured and
found to move actually, exoskeleton hip joints should
be designed to be compatible with the motions of the
HIC trajectory to match with it. To keep the me-
chanical HJC close to the anatomical one, the sagittal,
frontal, transverse, and rotation (SFTR) system was
adopted, which means the joint angles in the sagittal,
frontal, and transverse planes were measured. As
shown in Fig. 4, a traditional three-degree-of-
freedom (3-DOF) joint consisting of the X-, Y-, and
Z-axis represents the axes of abduction/adduction,
internal/external rotation, and flexion/extension, re-
spectively. The interaction point O stays still when the
3-DOF joint rotates. Based on the SFTR system, a
new 3-DOF joint was constructed by translations of
the flexion/extension and abduction/adduction axes
that were described in the Y-X and Y-Z planes re-
spectively using polar coordinates. Both coordinates
considered the Y-axis as the polar axis. Considering
both the complexity of the mechanical design for
internal/external rotation axis translation and the
minor change of the internal/external rotation angle
during normal gait, translation of the internal/external
rotation axis was not selected. According to Fig. 4, the
positions of the new intersection points, Oy and O;,
can be expressed as follows:

_ i
Do, = Po€ >

. 8
pO] :ple‘aln ( )



Yang et al. / Front Inform Technol Electron Eng 2016 17(8):792-802 797

where po, p1 and ap, a; are translation distances and
angles respectively, with respect to origin O and polar
axis Y. Fig. 4 shows the translations of axes with
which the HJIC position C can be expressed as follows:

C, =m(4),
C, =Re(B), )
C. =Im(B),

where

A= ple—ile +plei(n—a,—01),
B= ,ooei”’O + poei(a"’g"’“) +Re(A)e™,

and 6 and 6, are the angles of abduction and flexion,
respectively.
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Fig. 4 Axis translations and the corresponding HJC
position

(a) Translate abduction/adduction axis (X) and flexion/
extension axis (£); (b) Turning around the new flexion/
extension axis (Z'); (c) Turning around the new abduction/
adduction axis (X"); (d) New rotation center C

With Eq. (9), the exoskeleton HJC position tra-
jectory can be easily obtained when po, p1, ao, and a;
are determined. The root mean square (RMS) value of
the distance between the anatomical HIC and me-
chanical HJC was used as a criterion, with which the

four design parameters could be obtained. As shown
in Eq. (10), the four design parameters are considered
to be optimal when E achieves its minimum value:

N

= 1 2 2 2
E=Jﬁ2[(0fcﬁe) +(0,-C,¥ +(0,-C,y |.(10)

i=1

where (0, .0, ,0.) and (C,.C,,C.) are the ana-

tomical and mechanical HIC positions respectively,
during the same hip joint arc movements. Applying
the steepest descent method (Fletcher and Powell,
1963), the minimum value of £ and the corre-
sponding translation parameters po, p1, @, and a; can
be obtained. Table 3 shows the minimum values and
translation parameters of these three participants.

Fig. 5 shows the optimal mechanical HIC sphere
and anatomical HJC based on participant 1. The
origin here denotes the human initial HJC. The ana-
tomical HJC matches well with the mechanical HIC
sphere when the flexion angle is within 0°-30°, while
the deviation is enlarged when the flexion angle is
within —20°-0°. However, if the mechanical HJC

Table 3 Optimal parameters for exoskeleton hip joint
alignment

Subject E (mm) po(mm) py(mm) o (°) @ (%)
1 1.08 11.5 4.1 278.2  243.1
2 1.52 18.6 5.2 2814 2893
3 1.24 19.7 4.0 261.8  296.9

Po, P1, 0o, and a; are axis translation parameters

[] Mechanical HJC sphere

= Anatomical HIC

Z (mm)
I
5

-2

-4
X (mm)

-6

Fig. 5 Optimal mechanical HJC sphere and anatomical
HJC
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stays still at the origin, the deviation will be much
larger. Considering the simplicity of the biocompati-
ble joint, these results show that adopting such an
approach in the design of exoskeletons could be quite
beneficial in enhancing the comfort of wearers.

To realize a compatible hip joint mechanism, the
optimal results were applied to translate both the
abduction/adduction axis and the flexion/extension
axis (Figs. 6a and 6b). The traditional exoskeleton
HIC is the intersection of the abduction/adduction
axis and the flexion/extension axis, which means that
the HJC stays still during hip joint motions. Transla-
tion of both axes made them lie in different surfaces.
Fig. 6d shows the compatible hip joint model and the
traditional hip joint model as well for comparison.
Applying axis translation vectors Vy, V,, V3, and Vi,
the axis translation mechanism is acquired, which

Vi
\‘\\\\ HJC/// Flexion/ )ng Flexion/
Backboard = Extension ~~ e exion

Extension

Exoskeleton ~ Abduction/ A
Adduction

-
-

Abduction/
Adduction

Y leg
X
S
(a) (b)

——___ Traditional hip

oint model
Ly

Compatible hip
joint model

(c) (d)

Axis translation

mechanism

Fig. 6 Traditional and compatible hip joint mechanism
design

(a) Sketch of traditional exoskeleton HJC; (b) Sketch of
compatible exoskeleton HJC; (c) Traditional hip joint
model; (d) Compatible hip joint model; (e) Traditional hip
joint mechanism; (f) Compatible hip joint mechanism.
References to color refer to the online version of this figure

helps make both the abduction/adduction axis and the
flexion/extension axis lie in the desired surfaces. In
Fig. 6f, the 3D printed mechanism for axis transla-
tions makes the HJIC move along the optimized me-
chanical HJC sphere during hip joint motions. The
translation vectors Vi, V>, V3, and V, are also shown
with yellow arrows for better understanding of axis
translations.

The translation vectors Vi, V>, V3, and V; can be
expressed as follows:

V=pa, (11)
where V:[Vl, Vz, V3, V4]T, p=diag(po,po, P, pl), and
a=[sinay, cosay, sinaj, cosal]T.

Considering the diversity of the various partici-
pants’ skeletal parameters, this method uses experi-
mental data from one participant to translate the ex-
oskeleton hip abduction/adduction axis and flexion/
extension axis. This indicates that the resultant
mechanism is individually suitable for the participant
who provides the experimental data. However, the
axis translation parameters of each participant can be
acquired and calculated, and the human-exoskeleton
HJC alignment can then be realized by adjustment of
the aforementioned 3D printed mechanism according
to the translation parameters. These three participants’
HJC motions were acquired through the static and
dynamic sections. Each experimental result leads to
independent exoskeleton HJC axis translation pa-
rameters (Table 3).

For a correct alignment of the exoskeleton joints
to human joints, the human ASIS point was selected
as a reference point. Because the vector from ASIS to
the human initial HJIC point m had been calculated,
the relative position between ASIS and exoskeleton
initial HJC point was made explicit. Hence, the exo-
skeleton joint could be aligned to the human joint
based on this relative position.

4 Experimental results and discussion

An anthropomorphic lower extremity exoskele-
ton with biocompatible hip joints was designed and
manufactured by implementing the optimal transla-
tion parameters. The exoskeleton hip and knee
flexion/extension joints were driven by flat motors
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(Maxon Inc., Sachseln, Switzerland) with harmonic
gearboxes (CTKM Inc., Beijing, China). Fig. 7a
shows the exoskeleton structure worn by a patient.
The participant’s ASIS was used as the reference
point for the exoskeleton hip joint to guarantee an
accurate HJC alignment. The comfort of the human-
exoskeleton physical interface is mostly evaluated by
the interaction forces between the human and the
exoskeleton (Lenzi et al., 2011). This misalignment
between the human and the exoskeleton HJC gives
rise to an interaction force, which presses onto the
human soft tissues and reduces the wearing comfort.
Furthermore, the internal forces of the hip joint
caused by additional human-machine forces can
cause injury to the femoral head and the acetabulum.
Therefore, to assess the comfort quality of the re-
sulting exoskeleton, these physical interaction forces
at the hip joint were compared with the traditional
design. The interaction forces were measured by
packaged force sensors consisting of two one-
dimensional force sensors (Tecsis Inc., Offenbach,
Germany) as shown in Fig. 7b.

Flexion/
= Extension

Force
sensor
package

Fig. 7 Exoskeleton system
(a) Exoskeleton structure; (b) Interaction force test-bed

4.1 Human-exoskeleton interaction tests

The test volunteers were asked to participate in
the interaction force experiments, which were ap-
proved by the Institutional Review Board of Zhejiang
University. Informed consent was obtained from each
participant. The hip flexion and abduction move-
ments were repeated by the participant with the exo-
skeleton five times. The constraint conditions for the

experiment were: (1) the exoskeleton hip joint flexion
speed was set at 15°/s and the abduction speed was set
at 10°/s; (2) the exoskeleton flexion/extension range
was —20°-30° and the abduction/adduction range was
0°-30°. Fig. 8 shows the mean interaction force
between participant 1 and the exoskeleton during
flexion and abduction movements driven by the ex-
oskeleton. F,9 compatible and F,. compatible mean
the normal and tangential interaction forces with
respect to the connecting surface when wearing the
exoskeleton with the compatible hip joint respectively,
while F.y traditional and F,, traditional refer to the
normal and tangential interaction forces with respect
to the contact surface when wearing the traditional hip
jointed exoskeleton respectively. Both normal and
tangential forces with compatible joints decrease
during flexion movements. However, only the tan-
gential force with compatible joint decreases during
abduction movements. Table 4 shows the averaged
interaction force reduction during flexion and
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Fig. 8 Interaction force during flexion (a) and abduc-
tion (b)

Table 4 Interaction force reduction during flexion
and abduction

Subject Flexion (%) Abduction (%)
1 25.5 85.5
2 22.1 63.1
3 24.8 79.4




800 Yang et al. / Front Inform Technol Electron Eng 2016 17(8):792-802

abduction when the compatible hip joint design
method was applied. The results show the advantage
of the biocompatible hip jointed exoskeleton over the
traditional one. However, the normal forces in the
biocompatible jointed exoskeleton are close to the
forces in the traditional joint during abduction
movements. A reasonable explanation might be that
the abduction speed is slow and the anatomical HIC
movement in the Z direction is not significant, as
shown in Fig. 3.

4.2 Effect of exoskeleton on internal hip joint
force

To study further the influence of the biocom-
patible jointed exoskeleton on the participant, the
internal hip joint force was calculated by applying
kinematic and kinetic analysis of the human-
exoskeleton model (Fig. 9). On and Og are the HIC
positions of the human and exoskeleton, respectively,
which would move along the trajectories given in
Fig. 9a. E is the connection point where the packaged
force sensors were located.

Exoskeleton
HJC motion/

y Human HJC by

mog

Human leg

(a)

Fig. 9 Human-exoskeleton model during abduction
(a) Kinematic parameters; (b) Kinetic parameters

According to the human-exoskeleton modeling
analysis, the kinematic and kinetic equations can be
obtained, as listed in Egs. (12) and (13):

[-sinf, + Az = h-sin g,
[-cos@,—Ay=h-cosp,
¢:00+7/7

(12)

m, (hp+hp) =m,gsing+ F, + F,, siny + F, cos,
m,(h—hg7 ) =m,gcosp+F, + F, cosy —F,siny,

where y is the angle deviation between the partici-
pant’s abduction angle ¢ and the exoskeleton’s ab-
duction angle 6y, [ and /4 are the distances from the
connection point £ to Og and Oy respectively, Ay and
Az are the distances between Og and Oy in the Yand Z
directions respectively, Fy is the hip joint’s internal
force perpendicular to the thigh while F, is parallel to
the thigh, m;, is the mass of human, and g is accelera-
tion of gravity. Fig. 10 shows the results of human-
exoskeleton modeling analysis. The internal force F’
with the biocompatible joint is lower than the F, ob-
tained using the traditional jointed exoskeleton during
flexion and abduction motions. Although the reduc-
tion of internal forces in the hip joint is not quite
notable, it will relieve the loads on the femoral head
and acetabulum, which would make sense in consid-
ering the repeated movements during rehabilitation
with the exoskeleton. Moreover, the internal force Fy
with the biocompatible jointed exoskeleton is similar
to the Fy obtained using the traditional jointed system,
which is a reasonable result considering that the ap-
plied normal interaction forces are almost the same.

6 (degree)
(@)

Fg compatible
— — Fgtraditional --—--— F, traditional

L

F, compatible

0 10 20 30
6 (degree)

(b)

Fig. 10 Hip joint internal force during flexion (a) and
abduction (b)
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5 Conclusions

To realize biocompatible human-exoskeleton
physical interfaces, a new method was presented and
adopted to design a lower extremity exoskeleton with
compatible hip joints. The compatibility of the new
hip joint was validated by human-machine interaction
force experiments, compared with that using an
exoskeleton with traditional joints. The internal
forces on the hip joint were analyzed and calculated
as further evidence for the superiority of the new hip
joint. The design method can also be adopted as a
reference for hip replacement mechanical design and
other exoskeleton compatible joint design.

The key results of this research are summarized
as follows:

1. The dynamic HIC motions were calculated
based on the functional method and specific optimi-
zation. The results provide evidence for that the hip
joint does not constitute a simple ball-and-socket
mechanism, which is in accordance with previous
research reports in the area.

2. The mechanical hip joint was designed with
its HJC best covering the anatomical one by transla-
tion of the flexion/extension and abduction/adduction
axes under the SFTR system. The RMS error of
matching is low compared with the range of ana-
tomical HJC motions, which is about 10 mm.

3. The human-exoskeleton interaction force ex-
periments show that the average force decreases by
24.1% and 76.0% during hip flexion and abduction,
respectively, when applying the new design method.
Meanwhile, the hip joint’s internal force reduction
validates the compatibility of the new hip joint exo-
skeleton. Because neither redundant joints nor com-
plex mechanisms are added, the method presented is
attractive for exoskeleton hip joint design.

In this research, each set of experimental data
was acquired from one participant, because the HJC
varies among different participants owing to diverse
skeleton sizes. Three volunteers participated in the
experiments. Therefore, participants with a wide
range of anthropometric dimensions need to be ex-
amined, and the influence of different sizes on HIC
motion should be studied statistically. Additionally,
the adopted RMS criterion provides a global optimi-
zation that avoids large deviations. The normal-gait-
data-based criteria would be a better determination

for mechanical HIC, because the exoskeleton is used
for walking assistance. Finally, performance evalua-
tion at various walking speeds and various ranges of
lower leg motions need to be studied further. All of
these items will be studied in the next step in our
research.
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