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Abstract—The use of robotics in rehabilitation is a growing
area of research, with the potential to greatly improve the quality
of life for individuals with impairments. Robotic exoskeletons,
in particular, have shown promise for enhancing mobility and
independence in patients with conditions such as stroke. Current
exoskeleton designs, however, often lack the necessary degrees
of freedom (DOFs) to provide adequate balance and support
during activities of daily living (ADLs), such as walking and
standing. This study proposes a new lower limb exoskeleton
design incorporating a variable stiffness hip joint based on a
four-bar mechanism. This joint provides additional DOFs for
improved balance and stability during gait, making it easier for
patients to perform ADLs. The results show that the exoskeleton
effectively improves stability during gait testing. This suggests
that the proposed design can greatly enhance mobility and
independence in impaired patients and could be a valuable tool
in rehabilitation robotics.

Index Terms—Passive joint, exoskeleton, mechanical design.

I. INTRODUCTION

OBOTIC devices have been widely used in gait rehabil-

itation as a tool for therapists and health care personnel,
aimed at therapeutic and assistive tasks [1], [2]. They have
been developed to reduce the burden of repetitive tasks and
intensive training, allowing proper recovery for patients in
conventional therapy [1]. Several devices have been deployed
specifically for gait rehabilitation, divided into treadmill-based
and overground exoskeletons [3]. These devices have been
designed to assist according to a training scenario [4]. Over
the years, a few devices have been underscored within clinical
applications and research platforms such as Lokomat [5],
LOPES [6], ALEX II [7], eLEGS [8], Indergo [9], ReWalk
[10], Mindwalker [11], and HAL [12].

The lower-limb exoskeletons (LLE) previously mentioned
have been designed in different configurations where they
could allow one or more degrees of freedom (DOF) of
the human joints (i.e., flexion/extension, ab/adduction, in-
ternal/external rotation); provide energy to the user’s joints
through an active or passive actuation system (i.e., electric,
cable-driven, SEA, springs or dampers components); drive the
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user following a control system [2], [13]. According to these
configurations, the exoskeleton provides multiple advantages
and disadvantages for the user, such as back drivability, kine-
matic compatibility, comfort or discomfort, and heavy/light-
weight device.

Each device made a trade-off between its targeted activity
(e.g., walking, sit-to-stand, walking up/down stairs) and its
configuration (i.e., overground or treadmill-based exoskele-
tons). For the hip ab/adduction, treadmill-based exoskeletons
have actuators to provide energy to this motion, such as
LOPES and ALEX II [6], [7]. In contrast to overground
exoskeletons, which commonly restrict the hip ab/adduction
motion. Within these devices are ReWalk, HAL, Indergo, and
eLEGS [8]-[10], [12]. However, a few overground exoskele-
tons included compliant, quasi-passive or active hip joints
along the frontal plane.

These devices intend to supply energy to the hip
ab/adduction motion because of its importance along the gait,
which could involve multiple measurements. For instance, the
hip moment and hip power. Regarding gait, the hip extensor
moment varies between 0.7 to —1.2 Nm-Kg~!, the hip
abductor moment varies between —0.1 to 0.95 Nm - Kg_l, and
the hip power fluctuates between —0.9 to 1.4 W-Kg~! [14].

The designers provide multiple approaches to assist the hip
ab/adduction motion to achieve the hip’s kinetic requirements.
For instance, Vanderbilt University’s LLE has a compliant
hip ab/ adduction frame using a composite material and
aluminium inserts, increasing its weight [15]. However, these
un-actuated joints have several limitations regarding the in-
teraction torque delivered to the user, which depends on the
frame’s compliance. Exoskeletons with actuation in the frontal
plane are essential for balance-related applications due to the
active mediolateral stabilization in walking [16]. Also, hip
torque is used in the frontal plane to counteract the momentum
arising from gait perturbations, maintaining balance [17].

Other LLEs also included active and quasi-passive actuators
to provide energy to the hip joint, even though these devices
focus on the sagittal plane. Lee et al. studied a hip exoskele-
ton that provides an interaction maximum torque of 12 Nm
through a 2.4 Kg structure [18]. Similarly, Di Natali et al.
studied XoSoft, which uses quasi-passive actuators through
elastic bands and an electro-magnetic clutch [19], [20]. This
device generates passive energy along the motion, giving the
user’s hip a maximum torque of 3 Nm. Nevertheless, these
kinetic outcomes are away from the hip’s requirements.

Following the abovementioned context, this work proposes
a passive joint for the hip ab/adduction motion to provide
gait assistance, varying the interaction torque according to



the user’s needs. The joint is part of the AGoRA exoskeleton
and is analyzed according to the mechanical structure shown
in [21]. This joint is based on two design principles (i.e.,
variable stiffness system and a four-bar mechanism), explained
in the next section. Besides, kinematic and static analysis are
also established to relate these principles. Then, the analytical
results are presented according to the pre-load of the system
and the interaction torque. Finally, experimental results are
shown to fully assess the purpose joint, analyzing the spatial-
temporal parameters of ten subjects’ gait.

II. EXOSKELETON HIP JOINT

The proposed passive hip joint is aimed to provide support
along the frontal plane. The joint’s design followed the joint’s
kinematic, which considered the range of motion (ROM) of
the user’s hip joint along the frontal plane mentioned in
the previous section. As it is located in the frontal joint of
the AGoRA LLE, the adjustable link varies the hip width,
affecting the parameters of the joint (Fig. 1). Further analysis
is performed through the torque interaction.
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Fig. 1: Adjustable links of the AGoRA lower—limb exoskeleton along
the frontal plane.

The joint combines three main design principles: variable
stiffness principle, four-bar mechanism, and composite ten-
dons. Each plays a role during the passive interaction between
the user and the exoskeleton, providing an adjustable system
to satisfy users’ needs. Following these principles, the inter-
action torque is estimated through mathematical modelling to
understand and quantify the energy and support deployed to
the user.

A. Design principles

1) Four bar mechanism: Two double-rocker mechanisms
are merged on the backside of the AGoRA LLE. Each mecha-
nism is configured per side, as shown in Fig. 2. Focused on the
right side of the exoskeleton, one of the rocker links directly
interacts with the user’s leg, and it pivots in O,. Moreover, the
opposite rocker pivoted in Oy is loaded with the bio-inspired
tendons’ external forces.
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Frontal hip joint 0,
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Fig. 2: Description of the passive frontal hip joint. A. Global overview
of the passive frontal hip joint for both sides. B. Right-side description
of the mechanism detailing the loaded and interaction links.

2) Variable stiffness tendons: The Variable Impedance Ac-
tuators (VIA) include active impedance control, inherent com-
pliance, or inherent damping [22]. The passive actuators based
on inherent compliance have intrinsic compliant elements that
provide a fixed or variable stiffness due to their mechanical
properties. According to these mechanical properties, they are
divided into two categories: (1) Series Elastic Actuator (SEA)
and (2) Variable Stiffness Actuator (VSA) [22]. However, the
VIA could be delimited into many configurations regarding the
mechanical interlink and the passive components (i.e., spring
or damper). In this sense, the proposed passive joint is defined
as a four-bar mechanism and a spring-like element previously
described.

The passive elements involved in the VIA were designed
to resemble the stiffness of a human tendon as a spring-like
component. It was accomplished by a braided material formed
by (1) an elastic filament (Filaflex, 2.85mm, Recreus, Spain)
and (2) a fishing rod (eight filaments, Sufix 832, USA). These
filaments were intertwined following a volumetric fraction of
14% to accomplish a variable stiffness performance regarding
the elongation. A tensile test was conducted through a univer-
sal machine to assess this configuration, fixing a specimen
between two jaws. Besides, the tensile tests followed the
ASTM C1557-14 [23].

Stress-strain results estimate two elastic zones and Young’s
modulus, as shown in Fig. 3. A range of strain defines each
zone: zone A is between 0 and 0.10 mm/mm, and zone B is
between 0.1 and 0.15 mm/mm. Nevertheless, zone C presented
inconsistent stress values and rupture points. However, this last
zone is not considered in the analysis because the bio-inspired
tendons will be loaded with forces smaller than the required
for the rupture point.

II1. METHODOLOGY
A. Kinematic and static analysis

Using the design principles, the kinematic and static analysis
are presented in the following sections through an analytical
approach based on Fig. 4.

1) Kinematic Analysis: From Fig. 4, it is possible to
observe that the mechanism comprises two parts. The first part
is a four-bar linkage; one of its links holds the user’s femur.
On the other hand, the central link is connected by a pair of
tendons to support the mechanism.



NN 75\ A
//” yav e
AV SRAN
7\

/.

10 /

/%

0 0.05 0.1 0.15 0.2 0.25 0.3
Strain [mm/mm]

Stress [Mpa]

A: Young's modulus = 153.8647 [Mpa]
B: Young's modulus = 528.9868 [Mpa]

Fig. 3: Tensile results of the bio-inspired tendons. The stress-strain
curve presents Young’s modulus for the A and B zones.

From Fig. 4, it is possible to write the closed loop equation
(Eq.1).
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given the orientation of r3, expressed by angle 63, the
orientation of the firs two links are obtained by Eq2
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where Kj = s, +L3 cos 83 and K> = sy + L3 sin 65, Q1 = [L3 —

L3+ K} +K5]/2L1 and Q> = [L3 — L] + K} +K3]/2Ls, Ly =
[r1]] is the length of the central link, Ly = ||r;]| is the length
of the rod, L3 = ||r3|| is the length of the femur’s link. Vector
s=[sc s,]" defines the rotational joint of the femur’s link.

On the other hand, for tendons, it is possible to write another
closed loop equation, Eq. 4.
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where i € {r,/}. Given the orientation of the central link,
expressed by angle 6, the length and orientation of the
tendons can be obtained in Eq.5
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where  vectors p; = |[pu pyi]T and ¢ =
q[cos(61+ &) cos 61+5] define the position of

the anchor points of the tendons in the support and the central
link, respectively.

2) Static Analysis: This analysis determines the expressions
that relate the torque applied to the femur’s subject and the
force due to the extension of the tendons. In this analysis, the
inertial forces are considered negligible because the mass of
the links is small, and motion is performed at relatively slow
velocities and accelerations. The torque applied to the femur
is given by Eq.7.
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where f, and f; are the forces applied by the right and left

tendons, respectively, 7, is the unit vector of r,, and matrix K
is given in Eq.8.
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On the other hand, the internal forces applied at joints of
the mechanism are described in Eq.9.

= 1((g"Kf + g Kf) i fri K — f— ) (9)
and, Eq.10
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The previous expressions permit the determination of the
forces generated in the mechanism for a given femur orienta-
tion concerning an initial configuration.

3) MATLAB modelling and simulations: Kinematic and
static modelling are solved according to the hip ab/adduction
ROM (i.e., 20°) to understand the passive frontal hip joint
interaction. Following the analytical model previously men-
tioned, Algorithm 1 details the pseudo-code implemented in
Matlab R2018b that estimates the torque interaction (i.e., 7).
Three main functions are employed to estimate 7, divided into
(1) kinematic and (2) external forces. According to the current
parameters of the four-bar mechanism, 7, is estimated in
different scenarios due to the variable stiffness configuration.
These scenarios are delimited by the initial elongation, which
can be adjusted in P; and P.

(10)

B. Experimental protocol and data processing

The experimental validation of the passive hip exoskeleton
consisted of a 30-minute session. Ten healthy male subjects
participated in the study selected through specific inclusion
criteria. Subjects’s anthropological characteristics are observed
in Table I. Three levels of stiffness in the hip joint (i.e.,
low level - without pre-load, medium level - pre-load of
10N, and maximum level - pre-load of 15N). The participant
was instructed to step onto a treadmill and perform the gait
activity for 6 minutes at a fixed speed of lkm/h for each
condition in the same order, as shown in Fig. 5. Two inertial
sensors (Shimmer3 IMU Unit, Shimmer) were attached to the
participant’s feet at a sampling frequency of 128Hz to evaluate
spatial-temporal parameters.

With this information, data processing was performed using
MATLAB software (MathWorks, 2018b, USA) to filter the



Fig. 4: Kinematic scheme of the hip mechanism

Algorithm 1 Kinematic and static solution’s pseudo-algorithm.

1: mech <+ Ly,L,,60,,L3,14

2: ROM + 20°

3: np <200

4: for i < PL,,;, to PL,,. do

5: for j < 0 to np do

6 63 <— KINEMATIC(mech, 8, ROM, j)
7 T, F1,F < EXT. FORCES(84,i)

8 6, < 6+ j- (ROM /np)

9 return 7,

> Parameters of the mechanism.

> Hip ab/adduction range of motion.

> Number of divisions within the ROM.
> Pre-load of composite tendons.

> Steps of 1.

> Section II. B.1)

> Section II. A.3)

> Store each 7, per j

Fig. 5: Experimental test. Subject no. three is wearing the AGoRA
lower-limb exoskeleton. The actuators of other planes were removed
to analyse the influence of the hip joint along the frontal plane.

angular velocity of the right foot using a Moving Average
Filter (MAF) with a 30ms window.

The SPSS software (IBM SPSS Software, USA) was used
to identify significant changes in the three stiffness conditions:
without stiffness (WOS), with 10N pre-load (WS10) and
with 15N pre-load (WS15). Since the data had a normal
distribution, a one-way ANOVA test was performed to find
the p-value.

Characteristics Mean + SD

Age (years) 24.00 £ 2.00

Weight (kg) 75.60 + 15.56
Height (cm) 175 + 0.04

Hip Width (cm) 493 + 2.79
Knee-Ankle Distance (cm) 39.7 £ 293

TABLE I: Mean and standard deviation of the characteristics of the
ten subjects who participated in the study

C. Ethics Statement

The Research Ethics Committee of the Colombian School of
Engineering Julio Garavito approved the protocol. All subjects
have explained the procedure and purpose of the study and
signed an informed consent form. They were allowed to leave
the study at any time.

IV. RESULTS AND DISCUSSION

The proposed joint is studied following the aforementioned
analytical approach and assessed through an experimental
protocol. The first subsection aims to fully understand this
joint, using the Algorithm 1 as a tool to assess the performance
of the joint, varying two main features which are divided
and presented into (1) the hip width variations allowed in the



AGoRA LLE and (2) the pre-load on the variable stiffness sys-
tem. The second subsection presents the experimental results
of the ten subjects, analyzing the phases for each leg.

A. Analytical results

Following the variation of the hip width that affects the
joint’s parameters, the analysis is aimed at five hip widths
(i.e., 34 cm, 36 cm, 38 cm, 40 cm, 42 c¢m) to find the worst
case scenario for the interaction torque (i.e., Tp). Two main
input variables are analyzed that influence these outcomes
63 and p,- (the p, and p,; variables are equally changed).
The defined range of these input variables followed the hip
ab/adduction ROM and design space available for 65 and p,-,
respectively. The results also showed the force of each tendon
(i.e., left tendon f; and right tendon f;.) and the resultant torque
produced by the composite tendons (i.e., Tr).

The hip variation has a considerable effect on each variable,
decreasing the magnitude of each one as the hip width
increases. For instance, the magnitude of 7p decreased by half
only by increasing 8 cm. Similarly, the other variables were
reduced by half their magnitude. The right tendon f,. mostly
supports the motion in a range of -10 to 0 deg, delivering 150
to O N. In contrast, the left tendon f; supports within a range
of 0 to 10 deg, providing 0 to 200 N.

The variation caused by the hip width is related to the
adjustable links, presented in Fig. 1, redefining the boundary
conditions of the mechanism. In this sense, a greater hip width
reduces the torque of interaction. Hence, the lack of energy to
assist the user brings forth the need to pre-load the system.

Following, the system is analyzed along different pre-loads
between 20 N to 140 N, considering the same input variables
(i.e., 03, pxl and p,r).Moreover, this analysis is performed in
the 42cm hip width scenario. The minimum pre-load increases
Tp by 120-240 times, providing a maximum torque interaction
of 4.8 Nm, compared to the no-load scenario. In the maximum
pre-load to the system, Tp increases 4.25 times compared to
the 20 N case. In contrast to the 77, which decreases between
scenarios.

These kinetic capabilities are comparable to other hip joints
presented in the literature. Using the outcomes of lower pre-
load, the performance of the passive hip joint is greater than
the torque interaction of XoSoft (i.e., maximum torque 3 Nm)
[20]. Similarly, the hip exoskeleton studied by [18] provides
12 Nm less than the maximum pre-load scenario. However, the
limitation of the passive hip joint is the pre-load adjustment.
The magnitude applied to the joint relies on an instrument or
mechanism. The current design adjusts the pre-load manually
by using a lever arm on a rotational one-way clutch attached
to the tendon. In this sense, the maximum pre-load can be
problematic to achieve.

B. Experimental results

Table II shows the stance and swing times of the gait phases
for each hip stiffness condition of the right foot. Table III
shows the same information for the left foot. According to the
statistical analysis, it is observed that there are no significant
differences between the three conditions in both feet.

PHASES WOS (s) WS10 (s) WS15 (s) p-value
SWING 037 £0.07 039 £0.07 0.39 £+ 0.08 0.79
STANCE 091 +£0.17 090 +0.19 092 £+ 0.23 0.97

TABLE II: Mean, standard deviation and p-value of swing and stance
times of the gait cycle of the right foot. All data followed a normal
distribution.

PHASES WOS (s) WS10 (s) WS15 (s) p-value
SWING 036 +0.07 034 +£0.07 0.35 £+ 0.08 091
STANCE 099 +0.17 1.00 +0.19 094 + 0.23 0.76

TABLE III: Mean, standard deviation and p-value of swing and stance
times of the gait cycle of the left foot. 11 data followed a normal
distribution.

After a stroke, patients with hemiplegia have a reduction in
stability in the frontal plane, which affects their natural gait
[24]; this is the reason why the experimental study suggests
that limiting hip movement by increasing stiffness can generate
stability that these patients do not have autonomously. Several
exoskeletons have applied the principle of variable stiffness in
different joints employing compliant actuators for safe human-
robot interaction [25]. In the ankle, a compliant mechanism
has been used to apply different stiffness levels to replicate
the joint’s range of motion during walking [26]. In the knee,
this concept has been applied through a pneumatic artificial
muscle (PAM), where different stiffness levels can be used to
decrease muscle activity [27].

PHASES WOS WS10 WSI15
SWING 0,44 0,94 0,76
STANCE 0,29 0,40 0,09

TABLE IV: p-values of the comparison between swing and stance
times of a left and right foot.

Finally, in the hip this compliant principle has been found,
however, they have been performed in the sagittal (anterior-
posterior) plane, i.e., in hip flexion and extension. Zhou et
al., using a passive exoskeleton with variable stiffness, found
that muscle strength and activation decreased with increasing
assistance and reduced the knee muscle’s negative mechanical
work [28]. Lee et al. have found that applying stiffness to
the hip can influence kinematic changes in gait. As well as it
does not change the symmetry between the two legs because
it minimizes the net angular momentum generating stability
[29]. This is confirmed in Table IV, showing no significant
differences when comparing swing and stance times in the two
legs when using the passive exoskeleton, altering the stiffness.
This implies that the device does not alter the person’s gait
activity stability.

The hip abductors are essential for the function of the lower
extremities and are part of the control of the mediolateral
stability when standing [30]. In the experimental part of this
study, the aim was to verify that the variable stiffness of the
hip in abduction/adduction did not affect the spatiotemporal
parameters in the anterior-posterior plane. Since the exoskele-
ton is intended to assist a patient with neurological diseases,
its weight should not affect these gait parameters, meaning
it should be kinematically compatible. This represents that
the device does not affect the gait cycle phase times due to
synchronization with the person’s natural gait. Specifically, it



does not negatively affect the user’s motor functions [31]. This
indicates a potential use for future studies with pathological
patients. However, future works can be performed with higher
preloads to observe significant changes in the subject’s gait
and how this affects stability and spatiotemporal parameters.

V. CONCLUSIONS AND FUTURE WORKS

This work presents the design of a passive joint for the
hip ab/adduction motion of the AGoRA exoskeleton. The
mathematical principles were established and simulated to
understand the capabilities of the passive joint. In addition,
it also presented experimental results with different measures
of hip stiffness in the mediolateral plane.

The analytical results present the interaction torque the
passive joint produces, defining the necessity to apply a pre-
load to the passive joint. On the other hand, experimental
results show that there is stability in the three modes applied
to the user. In addition, it is observed that the device does
not affect the spatiotemporal parameters of gait in both legs,
generating stability. However, future works can be aimed at the
method of applying the pre-load in the passive joint to reach
a higher magnitude, which also represents a higher interaction
torque. Further work will also analyze the muscle activity in
different hip stiffness.
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