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Abstract

In the kinematic design of wearable exoskeletons, the issue of axis misalignments between the human and the exoskeleton joints
should be well dealt with. Otherwise, large physical human-robot interaction (p-HRI) forces may occur at the human-robot
interfaces, which makes the p-HRI uncomfortable or even unsafe. To cope with this issue, a kinematically compatible design
approach of wearable exoskeletons has been investigated by researchers, and great development has been made in recent years.
Moreover, the influence of such a design on the exoskeleton’s p-HRI performance should be evaluated to determine if the design
is feasible. In this paper, a self-adapting lower-limb exoskeleton mechanism for three degrees of freedom gait training is
proposed, and the mechanical structure of the exoskeleton mechanism is designed in detail. Then, based on the presented
exoskeleton mechanism and the use of suitable force/torque sensors, a p-HRI force measurement system is developed.
Subsequently, the p-HRI forces of the human-robot closed chain under the static and motion modes are detected, and the
influence of the self-adapting design on the lower-limb exoskeleton mechanism’s p-HRI force feature is evaluated. The results
indicate that additional human-robot connective joints could reduce the p-HRI force significantly, the compatible design of the
exoskeleton mechanism is effective, and is thus applied to human lower-limb gait training.

Keywords Lower-limb exoskeleton mechanism - Compatible design - Axis misalignment - Self-adapting - Physical human-robot
interaction force

1 Introduction

Throughout the past two decades, various wearable lower-
limb exoskeletons (e.g., the Lokomat [1], the ALEX III [2],
and the LOPES [3]) have been developed for the rehabilitation
treatment of individuals suffering from impaired mobility and
gait disorders. Compared with manual-assisted gait training,
exoskeleton-assisted gait training features several advantages,
including low labor intensiveness, long duration, easy repeat-
ability, and task orientation [4—6]. However, problems in
exoskeleton-assisted training emerge as a result of the close
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physical human—robot interaction (p-HRI) between the exo-
skeletons and the human lower limbs. Specially, the issue of
axis misalignment between the human and the exoskeleton
joints must be well dealt with when the exoskeletons are con-
nected to the human bodies. Otherwise, axis misalignment
leads to a hyperstaticity of the human-robot closed chains,
and uncontrollable hyperstatic forces may occur at the
human-robot interfaces [7, 8]. These undesired forces do not
contribute to the gait training task and change with the move-
ment of the human-robot closed chains; additionally, the gait
training becomes uncomfortable or even unsafe when they are
sufficiently large.

An effective approach to coping with the issue of axis
misalignment is the compatible design of the wearable exo-
skeletons, in which additional joints or degrees of freedom
(DOFs) are added into the exoskeleton structures (usually
simple kinematically bionic chains of the human limbs).
These introduced joints ensure that the human-robot closed
chains are not hyperstatic anymore and hence decrease the
uncontrollable hyperstatic forces. According to the installation
locations of the additional joints in exoskeletons and the
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treatment strategy of axis misalignment, such designed exo-
skeletons could be classified into two categories: self-tracing
exoskeletons and self-adapting exoskeletons. In self-tracing
exoskeletons, additional joints are introduced into the exoskel-
etons between the base and the active joints or between two
subsequent active joints. These added DOFs allow for the axes
of the exoskeleton’s active joints to trace those of the human
joints during the training process [9—15]. In self-adapting exo-
skeletons, additional joints are introduced into the exoskele-
tons to reduce the hyperstatic forces without the necessity of
axes—tracing between the exoskeleton’s active joint and the
human joints [16-23]. Notably, some exoskeletons proposed
in [24-27] are designed with no need for axis alignment.
Specifically, by using the shadow-leg concept, LOPES II
[24] transfers the torques from motor to patient via a mechan-
ical structure of push-pull rods, and realizes minimal amount
of clamps, no need for exact joint alignment, small misalign-
ment of the rods, arm swing unhindered, short donning and
doffing time. Moreover, by using human as the underlying
mechanical structure, cable-driven exoskeletons [25-27] also
do not require the joint alignment between the human
segments and the robot.

Up to now, various wearable exoskeletons have been de-
veloped based on the self-tracing and self-adapting design
strategy. For example, in the kinematic design of a nine-
DOF upper-limb exoskeleton [ 7], two passive joints were used
to connect the human and the exoskeleton forearms. In the
NEUROExos exoskeleton proposed in [12], four passive
DOFs were introduced to ensure the axis alignment between
the exoskeleton and the human elbow joints. Wu et al. [13]
built entire upper-limb exoskeleton on a self-tracing friction-
less linear platform to compensate the horizontal human-robot
misalignment. Based on biomechanical design, Lee et al. [14]
presented a flexible exoskeleton with kinematically similar
anthropomorphic joints, in which a self-tracing knee joint
consisting of four pulleys was proposed to compensate the
misaligned joint axes between the human and robot caused
by a bending knee. In LIMPACT exoskeleton proposed by
Otten et al. [15], an aligning mechanism consisting of two
parallelograms and a four-bar linkage was designed for elbow;
two adjustable DOFs are designed for various upper and lower
arm lengths and sizes. In the Shoulde-Ro exoskeleton de-
signed for shoulder rehabilitation application [17, 18], the ad-
ditional joints were linked serially and served as the passive
human-robot connective sub-chain to reduce the hyperstatic
forces. By adding misalignment compensation joints in the
exoskeleton structure proposed by Bartenbach et al. [19], the
cuff attachment can slide up and down as a passive prismatic
joint along the tubes with minimal resistance, which avoids
undesirable force from misalignment. In [20], a self-adapting
exoskeleton was designed for flexion/extension assistance of
the hip, in which five passive DOFs were introduced to realize
the compatible design of the assistive exoskeleton. The
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general methodology for developing a compatible design of
wearable exoskeletons has also been addressed by researchers.
In [21], a joint motion decoupling-based method was pro-
posed by mounting the exoskeleton’s active joints on passive
moveable mechanisms. In [22], a graph-based method for
kinematic design of the compatible lower-limb exoskeletons
was investigated, and several solutions of axis alignment free
exoskeletons were enumerated. Based on rank analyses of the
twist and wrench spaces of the human-robot closed chains, a
general design method of the self-adapting upper-limb exo-
skeletons was proposed in [23], which clearly showed the
methods about introducing passive DOFs into the exoskele-
tons to avoid the hyperstaticity of the human-robot closed
chains. In [28, 29], the hyperstatic force caused by axis mis-
alignment was analyzed from an over-actuation perspective,
and a simple design method of the self-adapting exoskeletons
for training applications was proposed, by means of the tradi-
tional DOF theory of the spatial multi-loop kinematic chains.

In addition to the solution for the issue of axis misalign-
ment, studies have also paid attention to the p-HRI perfor-
mance of wearable exoskeletons, particularly the feature of
p-HRI force, and two kinds of force measurement approaches
have been proposed: load cell-based and pressure sensor-
based detections. In the load cell-based method, the p-HRI
forces are measured at the attachment points by the load cells
placed at the connective interfaces between the cuft/orthosis
and the exoskeleton links, such as in the ESA Human Arm
Exoskeleton [30], ALEX [31], and MIT leg exoskeleton [32].
In the pressure sensor-based approach, the well-designed sen-
sors or sensor arrays, for example, the soft silicone pressure
sensor [33], Interlink Electronics FSR [34], and Pressure
Sensor Pads [35], were inserted between the human body
and the cuff interfaces, through which the distributed interac-
tion force was measured directly. Despite making significant
advancements and developing various sensor measurement
systems, the works focus on obtaining an accurate interaction
force measurement, more to assess the wearer’s reaction to the
function assistance than to evaluate the influence of the kine-
matic design on the exoskeleton’s p-HRI performance.

To date, there have been few studies analyzing the p-HRI
force characteristics of compatibly designed wearable exoskele-
tons. Zanotto et al. [36] reported the effects of human-robot
misalignment (more precisely, knee joint misalignment) on
healthy subject’s gait in terms of kinematic, kinetics and gait
timing; and evidenced the significant change on p-HRI caused
by this misalignment. In [37], a mechanical model describing
the causes and effects of axis misalignment between a human
elbow joint and an exoskeleton joint was proposed, based on
which an analytical model to predict the interactional force
caused by misaligned joint axes was established through exper-
imental test and parameter estimation. Following the same re-
search line, the influence of the kinematic configuration, the
attachment pressure, and the axis misalignment on exoskeleton’s
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p-HRI forces was further investigated in [38, 39]. In another
related study [40], a four-DOF upper-limb rehabilitation exo-
skeleton named ABLE was developed, and the p-HRI forces
corresponding to ABLE with/without passive human-robot con-
nective joints were detected and compared experimentally. In
accordance with the results of the above studies, one can find
that wearable exoskeletons with passive connective joints could
greatly reduce the p-HRI forces.

In this paper, compared with the previous works, we pro-
posed a novel compatible design (i.e., a self-adapting kinemat-
ic configuration which introduces additional joints into the
human-robot connections to replace rigid connective parts
and reduce undesired interactional loads in the human-robot
closed chains) of the lower-limb exoskeleton mechanism for
three-DOF gait training. Moreover, to specially evaluate the
influence of this self-adapting design concept on the p-HRI
performance, a p-HRI force measurement system was devel-
oped. Considering the gait mode and the static mode, the p-
HRI force was detected, and the force feature was analyzed.
The remainder of the paper is organized as follows. In
Section 2, a self-adapting kinematic configuration of the
lower-limb exoskeleton mechanism is proposed, the structure
of the exoskeleton mechanism is designed in detail, and then a
p-HRI force measurement system is developed based on the
presented exoskeleton mechanism. In Section 3, the p—HRI
forces of the human-robot closed chains formed by the exo-
skeleton mechanism and the human legs, under the static and
motion modes, are detected, respectively, based on which the
influence of the self-adapting design on the p-HRI force feature
is analyzed. Finally, the conclusions are given in Section 4.

2 The P-HRI Force Measurement System
of the Lower-Limb Exoskeleton Mechanism

In this section, the kinematic configuration of the self-
adapting lower-limb exoskeleton mechanism is proposed,
the mobility of the human-robot closed chain generated by
human leg and exoskeleton mechanism is analyzed, and the
mechanical structure of the exoskeleton mechanism is de-
signed. In particular, the working principle and the detailed
structures of the human-robot connective joints equipped with
removable sheets and pins are presented, which allow for the
wearer to lock/unlock the connective joints quickly without
detaching the leg from the exoskeleton mechanism. Finally,
the p-HRI force detection system is developed.

2.1 Configuration of the Exoskeleton Mechanism

According to the biological model of the human leg [41], it is
known that the head of the femur cannot slide with respect to
the cotyle face but can turn in the cotyle freely in the hip joint.
Thus, the hip joint possesses three rotational DOFs. A human

knee joint also has three rotational DOFs; however, due to the
tight constraints of the joint capsule and the crossed ligaments,
the AD/AB and IN/EX rotations are very small [42].
Moreover, because of the “loose” attribute [43], in bionics of
the knee joint, the knee joint cannot be treated as a traditional
hinge joint but as a one-DOF revolute joint with an instanta-
neous axis [44]. With these considerations, a kinematic model
of the human lower-limb can be constructed, as shown in
Fig. 1. In this model, the hip joint is regarded as a three—
DOF spherical joint, and the knee joint is replaced by a one-
DOF four-bar linkage mechanism [45—49], in which the
joint’s rotation is coupled with the sliding motion of its instan-
taneous axis. Moreover, in the process of human-robot mo-
tion, this instantaneous axis causes a misalignment of joint
when using a revolute joint to simulate the knee joint motion
in exoskeleton structure, and then may produces undesired
interactional load on human (i.e., if the critical problem of
axes misalignment is not solved well, the undesired force will
be entirely unloaded on human’s skin, soft issue and joint).
To date, there have been some lower-limb exoskeletons
developed for three-DOF gait training (i.e., the AD/AB and
FL/EX DOFs of the hip, as well as the FL/EX DOF of the
knee), and the classical ones among them are the LOPES [3]
and ALEX [31] exoskeletons, as shown in Figs. 2 and 3,
respectively, where the human leg is represented in yellow,
exoskeleton mechanism is represented in blue, and additional
joints are represented in green. Specifically, three passive pris-
matic joints and a parallelogram mechanism are added into the
exoskeleton kinematic chains between the base and the hip
active joints of the LOPES exoskeleton while a one-DOF
parallelogram mechanism, a passive prismatic joint and a pas-
sive revolute joints are implemented at the same position of
the ALEX exoskeleton, to allow for the axes of the exoskele-
ton’s active joints to trace those of the human joints.
According to the functions and the install locations of the
passive joints, the LOPES and the ALEX could be classified

Spherical
hip joint
Thigh Four-bar
knee joint
—
Calf

Fig. 1 Kinematic model of the human lower-limb
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Fig. 2 Kinematic chain of the LOPES exoskeleton [3]

as self-tracing exoskeletons. In [28], a general configuration
synthesis approach of the self-adapting lower-limb exoskele-
tons was proposed, in which the passive joints are introduced
into the rigid human-robot connections (i.e., the rigid connec-
tive parts are replaced by passive human-robot connective
joints), to eliminate the hyperstaticity of the human-robot
closed chains. Using this method, a self-adapting exoskeleton
mechanism for three-DOF lower-limb gait training is present-
ed and shown in Fig. 4. In this mechanism, R; indicates the
active revolute joint, whereas P, S, U, and C denote the passive
prismatic, spherical, universal and cylindrical joints, respective-
ly. As the exoskeleton mechanism is connected to a human leg,
a three-DOF human-robot closed chain is formed, and

‘\ Spherical
1}} hip joint
‘l'_'_ i‘ \Four-bar
knee joint
R¢
== -- Spherical
I ankle joint

Fig. 3 Kinematic chain of the ALEX exoskeleton [23]
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\Spherical

knee joint

Fig. 4 Kinematic chain of the self-adapting exoskeleton

the number of corresponding DOFs can be verified as
follows:

F=73frdl=15-12=3 (1)
i=1

where n denotes the number of joints included in human-robot
closed chain, f; is the DOF's permitted by joint ith, / = 2 denotes
the number of the independent loops included in human-robot
closed chain, and d denotes the order of the motion space, in
which the human-robot closed chain is intended to function
(for a spatial chain d = 6).

2.2 Structure Design of the Exoskeleton Mechanism

According to the kinematic configuration proposed in Fig. 4, a
self-adapting lower-limb exoskeleton mechanism was de-
signed, and the CAD schematic and the mechanical prototype
are shown in Fig. 5. In this exoskeleton mechanical prototype,
R;; and Ry, Ry; and Ry, Ry3 and R,3 denote the right and left
AD/AB hip joints, the right and left FL/EX hip joints, as well
as the right and left FL/EX knee joints, respectively; Py, and
Uy, Cy; and Sy; indicate the upper and lower human-robot
connective joints on the right, whereas P,; and U,;, C,; and
S, denote the upper and lower human-robot connective joints
on the left. Moreover, in this study, all of the joints in the
exoskeleton mechanism are passive, i.e., the human hip and
the knee joints are active in human-robot closed chain,
and the exoskeleton mechanism is driven by human legs
during the p-HRI force measurement process. Accordingly,
the exoskeleton prototype should possess the features of hav-
ing a compact structure, being lightweight and being easy to
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Fig. 5 The CAD schematic (a)
and the mechanical prototype (b) C-shape frame

of the exoskeleton mechanism Connection plate

Photoelectric

wear. To compare the p-HRI force between the exoskeleton
mechanisms with or without connective joints, suitable load
detecting cells should be selected and well installed, in partic-
ular, the same human-robot connective position should be
ensured (i.e., for the detection cases of the p-HRI force with
or without connective joints, the connective position should
not change). With these considerations, the mechanical proto-
type of the exoskeleton mechanism was developed, which
features the following design characteristics:

(1) The high-intensity aluminum parts with small cross-
sections were utilized in mechanical prototype to reduce
the weight of the lower-limb exoskeleton mechanism.

(2) The part lengths of the exoskeleton prototype could be
adjusted to match the body parameter changes of the
wearers.

(3) The connective cuff contains a bar of thin steel sheet, a
piece of soft pad, and two plastic locking ribbons, which
exhibits light weight and can fasten the human leg tightly.

Removable sheet

4)

(©)

(6)

@)

Plastic

locking ribbon
Thin

steel sheet

Six photoelectric encoders were mounted at joint Ry,
R12, R13, R217 R22 and R23, with them, the rotation angles
of the aforementioned joints could be detected directly.

Two load cells are installed at the connective interfaces
between the upper/lower cuffs and the joints Uy1/Sy,
respectively, by which the p-HRI forces between the
right leg and the exoskeleton mechanism are measured.
To achieve structural symmetry and thus to not affect the
detection results, two parts with the same structures and
weights as the two load cells are mounted at the connec-
tive interfaces between the upper/lower cuffs and the
joints U,1/S,; in the left branch of the exoskeleton mech-
anism, respectively.

The human-robot connective joints Py, Uy, Cyq, S1; and
P>1, Usy, Cyy, Sy are equipped with removable sheets
and pins, which allow for the wearer to lock or unlock the
connective joints quickly without detaching the human
legs from the exoskeleton mechanism, and thus, the same
human-robot connective position could be maintained.

(a)

(b)

(©

Fig. 6 The CAD models (a locked, b unlocked) and prototypes (¢) of joints Py; (P2;), Uy (Usy)
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Removable sheet

The CAD models and the prototypes of joints Py; (P,;) and
Uy (Uy) are shown in Fig. 6, and the locked and unlocked
situations of the two joints are illustrated in Fig. 6a and b,
respectively. In the structure design of the joint Py (P5;), two
pieces of removable sheets are used to lock or unlock the joint.
In the structure design of the joint Uy; (U,;), each revolute
joint is equipped with two removable pins at the two ends of
the joint, with which the revolute joint could be locked or
unlocked quickly.

The structure deigns and the prototypes of joints Cq; (Csy)
and Sq; (S,;) are shown in Fig. 7. In joint Cq; (C»,), a flat is cut
on the cylindrical surface of the exoskeleton’s calf part, and a
removable sheet as shown in Fig. 7a is used to lock or unlock the
joint Cyy (Cyy). Joint Sy (S,;) is composed of a universal joint
and a horizontal revolute joint; the corresponding axes of
which could be locked or unlocked by removable pins.

Fig. 8 The p-HRI force
measurement system of the
lower-limb exoskeleton
mechanism

Connection plate

@ Springer

S11 (S21)
Cii (Ca)

(a) (b)

Fig. 7 The CAD models (a locked, b unlocked) and prototypes (¢) of joints C1; (Cs), S17 (S21)

2.3 Development of the p-HRI Force Measurement
System

The p-HRI force measurement system was developed and shown
in Fig. 8, which is mainly composed of the exoskeleton mecha-
nism, a supporting frame, a treadmill and a data acquisition sub-
system. In this measurement system, the exoskeleton mechanism
is connected to a C-shape frame through a connection plate;
meanwhile, the connection plate is connected to a backplane,
which is fixed on the supporting frame by two parallel installed
slide-ways. Such a design concept allows for the whole exoskel-
eton mechanism to move along with the human waist in a hor-
izontal direction, while the wearer walks on the treadmill and
drive the exoskeleton mechanism synchronously. In the data ac-
quisition sub-system, the photoelectric encoders (TRD-
MB2048SS-2 M) and the six-axis force/torque sensors (ATI
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Mini45-SI-145-5) are utilized to detect the rotation angles and the
p-HRI forces of the exoskeleton mechanism, respectively.

3 P-HRI Force Measurement and Analysis
of the Exoskeleton Mechanism

In this section, the p-HRI force feature of the self-adapting
lower-limb exoskeleton mechanism is investigated. Two kinds
of motion modes, i.e., the gait mode and the static mode, of the
human-robot closed chain are addressed, and the influences of
the kinematic structure design (with or without human-robot
connective joints) on the exoskeleton mechanism’s p-HRI
forces are analyzed according to the data detected by the six-
axis force/torque sensors.

3.1 P-HRI Force Measurement of the Gait Mode

For the gait mode detection, two movement situations (i.e., the
connective joints are locked and unlocked) of the human-
robot closed chain are considered, respectively, and the p-
HRI forces are detected by the upper and lower six-axis
force/torque sensors, while the exoskeleton mechanism moves
along with the human legs walking on a treadmill. The p-HRI
force measurement of the gait mode is mainly carried out
through the following procedures:

(1) Human-robot connection: a wearer stands naturally on a
stationary treadmill, the waist, the thighs and the calves of
whom are connected tightly with the lower-limb exoskel-
eton mechanism through the C-shape case and the connec-
tive cuffs, respectively, and all of the human-robot connec-
tive joints are locked by the removable sheets and pins.

(2) P-HRI force measurement (the connective joints are
locked): the p-HRI forces are detected, while the exo-
skeleton mechanism moves along with the wearer walk-
ing on the treadmill with the speed of 8§ km/h. To ensure
the accuracy of the measurement, the p-HRI forces dur-
ing six continuous gait cycles are collected for data ac-
quisition after the motion state of the human-robot closed
chain is stable.

(3) P-HRI force measurement (the connective joints are
unlocked): the same data acquisition process performed
as (2) is carried out for the p-HRI force measurement of
the human-robot closed chain during six continuous gait
cycles (the speed of the treadmill remains 8 km/h); the
only difference is that all of the sheets and pins in locked
connective joints are removed.

The angle trajectories of joints Ry, Ry, and Ry, collected
by the photoelectric encoders during the six continuous gait
cycles, are shown in Fig. 9. Here, the green solid lines and
the blue dotted lines indicate the human-robot closed chain

with the locked and unlocked connective joints, respectively.
From Fig. 9a—c, it can be seen that the angle trajectories of
joints Ry, Ryp, and R;3 change periodically, which indicates
that the human-robot closed chain moves stably during the six
continuous gait cycles.

The p-HRI force and torque components, i.e., fup/io)r

f&up/lo)y, f&up/lo)za t(up/lo)x, t(up/lo)y’ and t(up/lo)z, of the

human-robot closed chain at the upper and lower con-
nective interfaces, collected during six continuous gait
cycles, are shown in Figs. 10 and 11 (the green solid
lines and the blue dotted lines refer to the cases of the
human-robot closed chain with locked and unlocked
connective joints, respectively); it can be seen that both
the force and torque components change periodically
and thus are valid and suitable for influence analysis
of the structure design on the exoskeleton mechanism’s
p-HRI force performance. Moreover, the force norm and
the torque norm of the p-HRI could be calculated, based
on the collected component data shown in Figs. 10 and
11, respectively, using the following equations:

Fup/lo = \/f%up/lo)x +f(2up/lo)y +f%up/10)z (2)
Tuppto = \/ Hapftons T Haptoly T Fapsione (3)
where Fy,, Ty, and Fo, T}, indicate the norms of the force and

torque components at the upper and lower connective
interfaces, respectively.

The norm curves of the p-HRI force and torque com-
ponents at the upper and lower connective interfaces are
calculated and shown in Figs. 12a—b and 13a-b, respec-
tively, based on which the following summaries could
be obtained:

(1) The value ranges of Fp; and Fyp0, Tyt and Ty, Fo; and
Fio2, and Ty, and T are given as F,1€(0.403 14.779)N
and F,»€(4.694 20.784)N, T,;,1€(0.025 1.011)Nm and
T4p2€(0.510 1.949)Nm, F,;€(0.520 14.513)N and
F152€(3.142 20.678)N, and 7,;€(0.005 0.299)Nm and
T162€(0.098 0.595)Nm, respectively, indicating that the
norms of the p-HRI force and torque components at the
upper and lower connective interfaces are obviously de-
creased in magnitudes as the locked connective joints are
replaced by the unlocked ones.

(2) The maximum values of F,; and Fyyp, Tip1 and Ty, Fiol
and Fip,and Ti,; and Tio, are given as Fp = 14.779 N
and Fryp =20.784 N, Tiyypr = 1.011 Nm and Ty =
1.949 Nm, F01 =14.513 N and Fy,p =20.678 N, and
Tinto1 = 0.299 Nm and T2 = 0.595 Nm, indicating that as
the locked connective joints in human-robot closed chain
are unlocked, the decreased levels of the maximum values
of the norms of the p-HRI force and torque components at
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Time/s Time/s
(a) Angle trajectory of joint R, (b) Angle trajectory of joint Ry,

Time/s
(¢) Angle trajectory of joint Ry3
Fig. 9 The angle trajectories of joints R;;, Rjp and Ry3

2 4 6 8 10 12 14 16 '50 2 4 6 8 10 12 14 16
Time/s Time/s

(b) The force component in Y direction

0.8
0.6
g04
202
. »h’l‘*-“"‘v""‘m’\-’v"v‘h\"u"‘”;“
20 2 4 6 8 10 12 14 16 020, 4 6 8 10 12 14 16
Time/s

(d) The torque component in X direction

-0'40 2 4 6 8 10 12 14 16 -10 2 4 6 8 10 12 14 16
Time/s Time/s
(e) The torque component in Y direction (f) The torque component in Z direction

Fig. 10 The p-HRI forces at the upper connective interface
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_200 2 4 6 8 10 12 14 16
Time/s
(a) The force component in X direction
15

0 2 4 6 8 10 12 14 16
Time/s

(¢) The force component in Z direction

(e) The torque component in Y direction

Fig. 11 The p-HRI forces at the lower connective interface

the upper and lower connective interfaces may reach up to
28.89%, 48.13% and 29.81%, 49.75%, respectively.

(3) Finally, according to summaries (1) and (2), as well as
the features of the value curves shown in Figs. 12a-b and
13a-b, it could be summarized that for gait mode, the p-
HRI forces in human-robot closed chain can be reduced
greatly by the unlocked connective joints, thus the pro-
posed self-adapting lower-limb exoskeleton mechanism
can improve the comfort of the p-HRI effectively.

(a) The norm of the force components

Fig. 12 The norms of the p-HRI forces at the upper connective interface

Y% 2 4 6 8 10 12 14 16
Time/s
(b) The force component in Y direction

0.2

. 0 ,T',f"\.l‘-\hﬂ""\*_Y\—"'M'A\\H"-\. v_‘f,'/‘."-lr\‘!v\r e ",A"
z;-o.z
C04

0.6 2 4 6 g8 10 12 14 16

Time/s
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3.2 P-HRI Force Measurement of the Static Mode

For the static mode detection, the p-HRI forces at the upper
and lower connective interfaces of the human-robot closed
chain, corresponding to six static configurations as shown in
Figs. 14a—f and, with the locked and unlocked connective
joints, are detected respectively. In addition, the width, length
and height of each grid shown in Fig. 14a—f equal 5 cm,
10 cm, and 10 cm, respectively. To begin with, the wearer

Time/s
(b) The norm of the torque components
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(a) The norm of the force components (b) The norm of the torque components

Fig. 13 The norms of the p-HRI forces at the lower connective interface

stands naturally on the ground, the waist, thighs and calves of ~ force measurement in each static configuration is carried out
whom are tightly connected to the lower-limb exoskeleton  through the following two procedures:

mechanism, and all of the human-robot connective joints are
locked by the removable sheets and pins. Then, the p-HRI ~ (1) P-HRI force measurement (the connective joints are

Fig. 14 Six static test
configurations of the human-
robot closed chain
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Table 1 Norms of the force and
torque components at six static Configurations  Force norms (N) Torque norms (Nm)
test configurations
(@) Upper F/T sensor locked 12.229 Upper F/T sensor locked 0.605
unlocked 4.364 unlocked 0.375
Lower F/T sensor locked 5.334 Lower F/T sensor locked 0.215
unlocked 3.862 unlocked 0.103
(b) Upper F/T sensor locked 14.487 Upper F/T sensor locked 0.823
unlocked 5.651 unlocked 0.580
Lower F/T sensor locked 11.233 Lower F/T sensor locked 0.420
unlocked 7.673 unlocked 0.196
(c) Upper F/T sensor locked 15.773 Upper F/T sensor locked 0.405
unlocked 9.854 unlocked 0.176
Lower F/T sensor locked 10.259 Lower F/T sensor locked 0.406
unlocked 8.451 unlocked 0.158
(d Upper F/T sensor locked 26.810 Upper F/T sensor locked 0.539
unlocked 17.024 unlocked 0.347
Lower F/T sensor locked 15.428 Lower F/T sensor locked 0.585
unlocked 9.920 unlocked 0.266
(e) Upper F/T sensor locked 9.714 Upper F/T sensor locked 0.757
unlocked 7.378 unlocked 0.281
Lower F/T sensor locked 13.652 Lower F/T sensor locked 0.321
unlocked 10.627 unlocked 0.252
® Upper F/T sensor locked 16.582 Upper F/T sensor locked 0.920
unlocked 8.741 unlocked 0.482
Lower F/T sensor locked 17.634 Lower F/T sensor locked 0415
unlocked 14.261 unlocked 0.328

locked): the right branch of the human-robot closed
chain is moved by the human right leg to the test
configuration, and then it is kept still there until
the situation of the human-robot closed chain is
stable. Subsequently, the p-HRI forces at the upper
and lower connective interfaces are collected
through the six-axes force/torque sensors. To ensure
the accuracy of the data detection, the test duration
is 10 s, and 1000 data points of each force/torque
component are collected (the sampling frequency of
the load cell is 100 Hz).

(2) P-HRI force measurement (the connective joints are
unlocked): the same data acquisition process performed
in (1) is carried out; the only difference is that all of the
sheets and pins in locked connective joints are removed.
To ensure consistency of the detection data, the test du-
ration is also 10 s, and 1000 data points of each force/
torque component are collected.

To perform an influence analysis of the kinematic
structure design on the lower-limb exoskeleton mecha-
nism’s static-mode p-HRI force performance, the norms
of the p-HRI force and torque components in six test
configurations are calculated and listed in Table 1. Here,

the means of the 1000 collected data points of each
force/torque component are utilized in the norm calcu-
lations to improve the accuracy of the data.

In accordance with the values of the force norm and the
torque norm given in Table 1, it can be seen that in the same
static test configuration, both the force norm and the torque
norm at the upper and lower connective interfaces of the
human-robot closed chain are reduced to some extent as the
locked connective joints are replaced by the unlocked ones.
For the pairs of comparative test configurations, i.e., (a) and
(b), (c) and (d), as well as (e) and (f), the force and torque
norms corresponding to the former test configuration are
smaller than those corresponding to the latter test configura-
tion, under the situations in which the connective joints are
locked and unlocked. Finally, it could be summarized that for
the static mode, the unlocked connective joints can decrease
the p-HRI forces at the human-robot interfaces and thus im-
prove the p-HRI comfort of the proposed self-adapting lower-
limb exoskeleton mechanism.

3.3 Discussion

Axis misalignment is a crucial problem in kinematic
designs of wearable exoskeletons, and it should be well
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dealt with to eliminate the hyperstaticity of the human-
robot closed chains, and thus to decrease the uncontrol-
lable hyperstatic forces at the human-robot interfaces;
otherwise, the undesired force will be entirely unloaded
on human’s skin, soft issue and joint, and then causing
harm to human. To implement this purpose, a kinemat-
ically compatible design has been considered in recent
years, and two main synthesis methods of the exoskel-
eton kinematic configurations, including the self-tracing
and the self-adapting approaches, have been presented.
While different synthesis strategies were utilized, the
two approaches were proposed on the same design prin-
ciple that additional passive joints (or passive DOFs)
are introduced into the exoskeleton mechanisms to
avoid the over-actuation of the human-robot closed
chains. The influence evaluation of the compatible de-
sign on a wearable exoskeleton’s p-HRI performance is
another important issue, which allows the designer to
judge the satisfactoriness of the designed exoskeleton
configuration. The novelty of this work is the proposal
of a novel self-adapting kinematic configuration of the
lower-limb exoskeleton mechanism for three-DOF gait
training; by replacing the rigid connective parts that
are used previous lower-limb exoskeletons with addi-
tional joints, the limited sliding and angular misalign-
ments between the robotic and the human lower-limb,
i.e., the undesired interactional loads in the human-robot
chains, can be reduced. Based on this design concept, a
p-HRI force measurement system was specially devel-
oped, and the influence of the compatible design on
the exoskeleton mechanism’s p-HRI force feature under
both gait and static modes was analyzed by detecting
the forces/torques at the upper and lower human-robot
interfaces via the six-axis force/torque sensors. The re-
sults show that for gait and static detection modes, the
p-HRI forces in human-robot closed chains could be
reduced significantly. However, it should be highlighted
that, due to the effect of the gravity of the exoskeleton
mechanism in the static detection mode, as well as the
effects of the gravity and the inertia of the human leg
and the exoskeleton mechanism in the gait detection
mode, the difference between the p-HRI forces/torques
tested with locked and unlocked connective joints is not
the value of the uncontrollable hyperstatic force/torque.
For determining the values of the uncontrollable hyper-
static forces, the gravity and the inertia effects should
be removed from the human-robot closed chains, which
will be addressed in our future work. Moreover, the
aesthetics, the stiffness and the concept of ergonomics
will be considered carefully and improved effectively in
our future prototype design. In any case, according to
the results obtained in this study, it can be seen that the
p-HRI forces decreased greatly with the additional
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human-robot connective joints, and thus, the compatible
design of the lower-limb exoskeleton mechanism is
effective.

4 Conclusion and Future Work

A p-HRI force measurement system is developed to analyze
the influence of a compatible design on the lower-limb exo-
skeleton mechanism, which is composed of the designed exo-
skeleton mechanism with a self-adapting kinematic configu-
ration, six photoelectric sensors for the angle detection of the
hip and the knee joints of the exoskeleton mechanism, four
six-axis force/torque sensors for detecting the p-HRI forces at
the upper and lower human-robot connective interfaces, a
treadmill, and a data acquisition sub-system. Specially,
human-robot connective joints equipped with removable
sheets and pins are designed, which ensure the wearer to lock
or unlock the joints quickly without detaching the human legs
from the exoskeleton mechanism.

The p-HRI forces of the human-robot closed chain, during
six continuous gait cycles and in six static configurations, are
detected, and the influence of the self-adapting design on the
lower-limb exoskeleton mechanism’s p-HRI force perfor-
mance is analyzed. The results indicate that the compatible
design of the lower-limb exoskeleton mechanism is effective,
and the human-robot connective joints can significantly re-
duce the p-HRI forces in both the gait mode and static mode
of the exoskeleton mechanism; thus, it is applied to human
lower-limb gait training.

Future work will focus on the control system design, the
exoskeleton prototype development, and the p-HRI force de-
tection and interactional force characteristic evaluation of the
exoskeleton prototype for the case in which the human-robot
closed chain is moved by the lower-limb exoskeleton

prototype.
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