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ABSTRACT Lower-limb exoskeletons enhance motor function in patients, benefiting both clinical rehab and
daily activities. Nevertheless, pediatric exoskeletons remain largely underdeveloped. To address this gap, this
study presents a new robotic lower-limb exoskeleton (LLE) design specifically tailored for children. Utilizing
anthropometric data from the target demographic, the LLE has a size-adjustable design to accommodate
children aged 8 to 12. The design incorporates six active joints at the hip and knee, actuated using Brushless
DC motors in conjunction with Harmonic Drive gears. This study conducts a rigorous analysis of forward
and inverse kinematics applied to the robotic LLE. While forward kinematics are essential for dynamic
modeling and model-based control formulation, inverse kinematics play a crucial role in facilitating balance
control. The study uses an algebraic-geometric method to solve the inverse kinematics of LLEs with four
DOFs per leg, including one in the frontal plane and three in the sagittal glane. A unique model of validation
and verification is then employed using the Simulink® and Simscape computational environments. The
accuracy of the forward kinematic analysis is confirmed by comparing separately modeled outcomes in both
environments. The validity of the inverse kinematic model is verified by implementing sequential forward
and inverse kinematic analyses, comparing the forward kinematic inputs with inverse kinematic outputs.
Simulation results conclusively validate both the forward and inverse kinematic analyses, suggesting the
exoskeleton’s potential in accommodating standard gait patterns.

INDEX TERMS Forward kinematics, inverse kinematics, kinematic analysis, lower-limb exoskeleton,
wearable robotics.

I. INTRODUCTION

Motor dysfunction in children is often linked to neurological
or neuromuscular disorders, including but not limited to cere-
bral palsy (CP), muscular dystrophy (MD), spinal muscular
atrophy (SMA), and spinal cord injuries (SCI) [1]. CP, the
leading mobility disorder in children, is a persistent set of
movement disorders stemming from brain injury or damage
before birth or during early childhood, with an incidence rate
ranging from 1 to nearly 4 per 1,000 live births [2], [3], [4].
MDs are chronic disorders that progressively weaken muscles
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and reduce activity. Duchenne muscular dystrophy (DMD)
is the most common of the nine primary types in childhood,
affecting 1 in 5,000 [S]. SMA, characterized by spinal cord
degeneration and muscle atrophy, is the second most common
fatal autosomal recessive disorder after cystic fibrosis [6].
Its incidence is 1 in 6,000 to 1 in 10,000 live births [7].
In the pediatric population, SCI is relatively rare, comprising
approximately less than 4% of total annual SCI cases,
yet it exerts considerable psychological and physiological
effects [8].

These neurological disorders can profoundly affect chil-
dren’s mobility, functional independence, and overall quality
of life [9], [10]. Moreover, as they grow, the influence
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on motor skill development will increasingly become more
pronounced [11]. Although no medical cure exists for
these diseases, compelling evidence indicates that the use
of powered assistance through wearable robotic LLEs can
significantly improve gait efficiency in individuals affected
by these impairments [12], [13], [14], [15]. Recently, several
single-joint pediatric exoskeletons have been prototyped, but
research and development on full lower-limb structures with
multiple actuated joints for children are still comparatively
neglected in the field [14].

Kinematic analysis plays a fundamental role in under-
standing the motion of LLEs and their interaction with the
human body [16]. In particular, misalignment or kinematic
inconsistencies between user and exoskeleton joints may
result in unintended human-robot interaction torques. This
scenario emphasizes the need for a detailed kinematic
analysis of LLEs, particularly for children with neurological
disorders [17], [18], [19], [20]. Comprehensive kinematic
analysis can guide the optimization of LLE design to cater
specifically to the movement patterns and needs of children
with neurological disorders. The apt support and assistance
provided by such tailored devices can potentially enhance
the mobility, functionality, and overall quality of life of
these children [21]. Despite these benefits, the contribution
of kinematic analysis to the evolution of this technology
often remains underappreciated [22]. Moreover, a thorough
validation or verification of kinematic analyses is frequently
missing in existing LLE literature. This highlights a research
gap in the field of LLE technology, necessitating further
exploration.

Zhang et al. [23] utilized the Denavit-Hartenberg
(D-H) convention for forward kinematic analysis on an
LLE, considering each leg fully independent with 5 DOFs.
Additionally, they employed an algebraic approach to derive
the LLE’s inverse kinematic model. However, the model-free
nature of the controller in this study precluded the validation
of kinematic analysis accuracy, and no separate validation
was provided [23]. Lyu et al. [24] conducted forward and
inverse kinematics analyses on a three-DOF LLE, simulating
the robot’s workspace using MATLAB®. However, their
study did not include validation for the kinematic analysis.
Li et al. [25] conducted an analysis of both forward and
inverse kinematics for a three-DOF LLE. They simulated
the LLE using ADAMSTM; however, their findings lacked
subsequent kinematic validation. Zhang et al. [26] conducted
forward and inverse kinematic analysis for each leg of a full
LLE. However, forward kinematics were individually derived
for each plane, specifically the frontal and sagittal planes,
and the derived inverse kinematics were not subsequently
verified.

This paper aims to bridge the existing research gap
concerning the validation and verification of kinematic
analyses in LLE literature. The innovative contributions of
the paper are: (i) the introduction of a unique pediatric size-
adjustable hip-knee-ankle-foot exoskeleton with six actuated
joints; (ii) an exhaustive kinematic analysis of the LLE;
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(iii) the presentation of a detailed algebraic-geometric solu-
tion for the inverse kinematics of the LLE; (iv) the employ-
ment of an innovative model validation and verification
strategy using the Simulink® and SimscapeTM computational
environments. This work paves the way toward establishing
a robust and scientifically grounded framework for the
development and control of wearable robotics for pediatric
rehabilitation.

Il. THE PEDIATRIC LOWER-LIMB EXOSKELETON

This section introduces a novel pediatric LLE that assists
children’s lower limb movement, facilitating a stable gait
pattern. This prototype is designed with the versatility to
accommodate a broad height range from 1.15 m to 1.48 m,
rendering it suitable for children aged 8 to 12 years old. The
adjustability ensures a quick adaptation to individual user
needs. Fig. 1 shows the prototype of this assistive device in
the stand mode.

FIGURE 1. Prototype of the LLE in stance position.

A. MECHANICAL DESIGN
This assistive device is equipped with 4 DOFs per leg,
of which the frontal hip, sagittal hip, and knee joints are
actuated, and the ankle joint is passive. Children between the
ages of 6 and 12 undergo significant changes in body size.
An anthropometric reference data analysis was undertaken
to develop an LLE tailored for pediatrics [27], [28]. The
LLE design was based on the extensive anthropometric
data outlined in Table 1, accommodating a wide range of
the target population. The table summarizes the average
body dimensions for children aged 8 to 12, including both
girls and boys, at the 50t percentile [28], [29]. This table
also delineates the maximum and minimum dimensions
of the LLE, providing insight into how the exoskeleton
accommodates the target population’s physical proportions.
The LLE, crafted from durable and lightweight materials
such as aluminum tubes, incorporates telescopic cylinder
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TABLE 1. Average body dimensions of children at the 50th percentile,
complemented by the maximum and minimum dimensions of the

LLE [28], [29].

Type Children Exoskeleton
Gender Girls Boys - -
Age (years) 8 12 min. MAX.
H (cm) 123.6+5.6  141+6.9 115 148
LL (cm) 71.943.9  84.5+4.7 65 91
ULL (cm) 31.9¢1.8  39.1+2.1 29 42
LLL (cm) 40.0+2.1  45.4+2.6 36 49
FL (cm) 18.6+1.2  21.4+1.2 23.5 235

H: Height, LL: Leg Length, FL: Foot Length, ULL: Upper Leg Length, LLL:
Lower Leg Length.

mechanisms for size adjustability and alignment assurance
between user and exoskeleton joints (Fig. 1). A vertical cut
was made at one end of the outer tube, with a clamp affixed
to the exterior, facilitating convenient length adjustment. The
incorporation of quick-release skewers further streamlines
and simplifies the adjustment process. These mechanisms,
present on both the upper and lower leg sections, grant maxi-
mum adaptability across a wide user range and guarantee the
provision of the appropriate support level.

B. ACTUATION UNIT

The joint actuation unit is assembled with a 24V brushless DC
motor (EC-flat, Maxon Motor AG, Switzerland) and a strain
wave gearing system (CPU-17A-M, Harmonic Drive® AG,
Germany). Maxon EPOS4 50/15 controllers, functioning as
slaves in the network and supporting the EtherCAT protocol,
are selected as the drivers for each motor. The configuration
of the actuation unit for the three actuated joints is detailed
in Table 2. The table demonstrates that each of the three
actuation units is capable of achieving the maximum power,
torque, and velocity, as specified in the literature related to
pediatric gait analysis [14], [26], [30], [31].

TABLE 2. Actuation unit configuration for each joint.

Actuated Weight  Pow. Rate Reduction Max. Tor. Max. Vel.
Joint (kg) (U] Ratio (Nm) (deg/s)
Hip (A/A) 0.35 150 80:1 112 450
Hip (F/E) 0.624 220 100:1 150 300
Knee (F/E) 0.35 150 50:1 70 720

C. SENSORY SYSTEM

The LLE system incorporates an array of sensors, such as
hall sensors, absolute encoders, pressure sensors, and IMUs,
to enhance its functionality.

Hall sensors, providing real-time feedback on motor
position and speed, enable optimal joint movement control,
mitigating spasticity by offering consistent motion patterns.
The controller, responsive to this feedback, dynamically
adjusts exoskeleton assistance, further reducing spasticity
potential. Each actuated joint is equipped with a magnetic
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absolute rotary encoder, specifically the high-resolution
RLS AksIM-2™magnetic encoder, for accurate joint angle
measurements. This encoder is connected to the Maxon
EPOS4 motor driver using the SSI protocol, ensuring system
operation precision. The encoder, serving as the primary
sensor, measures the gearbox output angular position, while
the hall sensor, acting as a supplementary sensor, captures the
motor output angular position.

The exoskeleton’s foot is integrated with a sensor board
that monitors foot orientation and ground reaction force.
It employs four FlexiForce A201 sensors to accurately
measure multidirectional pressure distribution. The small
output signals from force-sensitive resistors (FSRs) are
amplified through four LF356 op-amp microchips. This
enables an STM32 Nano microcontroller to efficiently
process and transmit the signals using a high-speed CAN bus.
Foot orientation is detected by an integrated IMU (MPU9250)
located on the electronic board of the foot. An EasyCAT
EtherCAT Shield is utilized to gather sensory information
from both feet through the CAN bus and actuator signals from
a series of EPOS4 drivers. It then facilitates transmission via
EtherCAT cable to the central controller (EtherCAT Master),
streamlining communication within the system.

D. CONTROLLER ARCHITECTURE

The LLE control system, ensuring precise motor control
and real-time sensor data collection, consists of three main
components (Fig. 2): local controllers (EtherCAT Slaves),
a sensory and communication system, and a central controller
(EtherCAT Master).

Right
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Driver Right G, %, RIS
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FIGURE 2. Control system configuration and communication architecture
of the LLE.

The local controllers provide low-level actuator control
on Maxon Epos4 drivers under the EtherCAT protocol.
The sensory and communication system interfaces with
local controllers via EtherCAT and FSRs via CAN Bus,
relaying data and control signals. A compact and high-
performance embedded controller (Unit real-time target
machine, Speedgoat, Switzerland) has been chosen as the
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central control unit to ensure system stability and optimize
performance within the LLE.

The Speedgoat Unit real-time target machine, operating
at a 1 kHz execution frequency, facilitates the design and
development of control algorithms in MATLAB Simulink®.
It enables testing without the risk of hardware damage
or causing user discomfort, utilizing hardware-in-the-loop
(HIL) simulation. Its compatibility with MATLAB, multiple
control loops, and sensor input management aid in effectively
synchronizing sensors and actuators. Utilizing a user-friendly
interface supported by a high-performance Host Computer,
the system provides personalized assistance to individual
children. In this context, the Speedgoat real-time target
machine plays a pivotal role in enabling the creation of
more effective, tailored, and responsive assistive devices for
patients.

Ill. FORWARD KINEMATICS

Forward kinematics employs segment lengths and joint
angles to compute the end-effector’s orientation and position,
such as the foot, relative to the origin. This process translates
the motion of the exoskeleton’s joints into foot movement,
allowing for precise control and observation of gait patterns
[32], [33]. Forward kinematic analysis not only provides
designers with an in-depth understanding of the robotic
exoskeleton’s motion, but also facilitates the effective use of
transformation matrices in developing an explicit dynamic
model. This, in turn, leads to the establishment of a model-
based controller for the LLE [17], [33], [34], [35].

While the Denavit-Hartenberg (D-H) convention is com-
monly employed to derive forward kinematics [36], it is
unsuitable for the LLE system in this study. This inappli-
cability stems from the Y-axis rotation between the frontal
and sagittal hip joints, which presents a challenge for
the conventional D-H approach. Therefore, a conventional
approach utilizing the rotation matrix and translation vector
is employed to analyse the forward kinematics of the LLE
system. This analysis leads to the derivation of the position
and orientation of the foot end-effector relative to the origin.
Considering that the origin is placed in the frontal plane
between the two legs, and each leg operates independently,
we have conducted forward kinematics for each leg sepa-
rately to enhance clarity and ease of understanding.

A. RIGHT LEG

The cartesian coordinate frames assigned to the right leg
of the LLE have been presented in Fig. 3A, while Fig. 3B
illustrates the simplified model dimensions of the right leg.
In Fig. 3B, 6;r and d; denote the angle and offset of the i-
th joint, respectively, and a; indicates the length of the i-th
link. This Fig. demonstrates that coordinate frame 1 (O1x) has
undergone a 90-degree rotation around the Y-axis, followed
by a -90-degree rotation around the Z-axis. The homogeneous

115222

FIGURE 3. Forward kinematic analysis of the right leg of the LLE. (A) The
right leg of the LLE with assigned Cartesian coordinate frames.
(B) Dimensions of the simplified model of the right leg of the LLE.

transformation matrices for the right leg of the LLE are:

cos(3 —6ir) 0 cos(01r)  ao + ajcos(01R)
TIR _ cos(m —61r) 0 cos(5 —61r)  aisin(61r)
U 0 -1 0 —d
0 0 0 1
(D
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[ cos(Bag) —sin(Gr) O  arcos(Bar)
sin(0 cos(0 0 apsin(®
T2R — (02R) (OzR) 1 2 0( 2R) 2
| 0 0 0 1
[cos(O3r + %) —sin(@zr + %) 0 azcos(63r)
g3k _ | sinOsr +73)  cos(Osr +7) O assin(Osr)
2R — 0 0 1 0
i 0 0 0 1
3
[ cos(Bar) —sin(6agr) O  ascos(Bag)
sin(6. cos(. 0 aysin(6.
T341§ _ | s (O4R) E)4R) ; 4 10( 4R) @)
0 0 0 1

Based on the derived homogeneous transformation matri-
ces, the forward kinematics model for the right leg of the LLE
can be formulated as follows:

4R IR7-2R 73R 4R
Ty" =Ty TigTor Tag
—sin(01g)sin(®) — sin(01r)cos(P) cos(B1r) P«r

_ | cos(01R)si(®@)  cos(O1r)cos(®)  sin(O1r) Pyr
o —cos(®) sin(®) 0 P.r
0 0 0 1
(5
where
D = Oog + O3r + Oar (6)

and Pyg, Pyr, and P,z denote the Cartesian coordinates of
Frame 4R (O4r), representing the right foot end-effector of
the exoskeleton, in relation to Frame O (origin) along the X,
Yo, and Zj axes, respectively. These position are derived as:

P = ag + ajcos (61r) + Psin (61r) D
Pyr = aysin (01r) — Pcos(01r) ®)
Pr = —di — aasin(br) — azsin(O2r + O3r) — ascos(P)
)
where

P = axcos (62R) + azcos(Or + O03g) — agsin(®)  (10)

Hence, the orientation and position of the right foot end-
effector (O4r) with respect to the origin (O) can be formulated
as follows:

[ —sin(@1g)sin(®)  —sin(G1g)cos(®)  cos(O1r)
RgR = | cos(@1r)sin(P) cos(01r)cos(D) sin(61R)
—cos(®P) sin(d) 0
an
_PxR
PR = | Py (12)
L Per
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FIGURE 4. Forward kinematic analysis of the left leg of the LLE. (A) The
left leg of the LLE with assigned cartesian coordinate frames.
(B) Dimensions of the simplified model of the left leg of the LLE.

B. LEFT LEG

In a similar scenario, Fig. 4A represents the Cartesian
coordinate frames assigned to the left leg of the LLE.
Subsequently, the simplified model dimensions of this leg are
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FIGURE 5. Geometry-driven inverse kinematics analysis of the LLE's right
leg.

elucidated in Fig. 5B. Based on this Fig. and similar to the
right leg, the resulting homogeneous transformation matrix
for the left leg of the LLE can be derived as:

he
sin(@1)sin(yr)  sin(01)cos(¥)  — cos(01L) Par
—cos(O1)sin() — cos(O1)cos(yr) —sin(011) Py
- —cos(yr) sin(yr) 0 P
0 0 0 1
(13)
where
Y =0 + 03 + 04 (14)

and Py, Py, and P represent the Cartesian coordinates
of Frame 4L (O41,), which corresponds to the left foot end-
effector of the exoskeleton, relative to Frame O (origin) along
the Xo, Yo, and Zj axes, respectively. The positions are derived
as follows:

P, = —ag — ajcos (011) + Hsin (611) (15)
Py = —aysin (011) — Hcos(011) (16)
P = —di + azsin (621) + azsin(0a + 031) — ascos(yr)
(17)
where

H = axcos (6or) + azcos (B2 + 031) + assin(yr)  (18)
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Consequently, the orientation and position of the left foot
end-effector (O47) with respect to the origin (O) can be
expressed as follows:

[ sin(@1)sin(y)  sin(ip)cos(¥)  — cos(01L)
RgL = | —cos(611)sin(yy) — cos(B1r)cos(yr) — sin(01r)
—cos(yr) sin(yr) 0
(19)
_PxL
P = | Py (20)
_P zL

IV. INVERSE KINEMATICS

Inverse kinematics calculates the required joint angles to
achieve a specific end-effector position and orientation [33].
Due to its reliance on inverse trigonometric functions, inverse
kinematics often yields multiple solutions in robotics, reflect-
ing its non-unique solution nature. An ordinary resolution
strategy integrates robot structural properties and actual pose.
Existing literature confirms that an analytical solution to the
inverse kinematics problem is derivable for kinematic chains
with five or fewer DOFs. In these instances, joint angles can
be calculated algebraically [23], [33], [37]. In the inverse
kinematic analysis for each leg, the desired orientation (Ré)
and desired Cartesian position (Pg) of each foot end-effector
(Frame 4) with respect to the origin are assumed to be
provided. The objective is to derive the angular revolute joint
parameters, 61, 67, 83, and 64, for each foot.

A. RIGHT LEG

As the desired orientation (RgR ) is provided in (11), sin(61r)
and sin(®) can be directly obtained from RgR(Z, 3) and
RgR(3,2), respectively. Consequently, #1g and & can be
derived as follows:

O1r = sin” ' (sin(61g)) (21)
® = sin~ ' (sin(P)) (22)
For real values of X within the range [—1, 1], the
inverse sine function, sin~'(X), returns values in the interval
[—m/2, 7/2]. Consequently, O1g and & must lie between
—m/2 and 7/2, which is fully compatible with the motion
restrictions of the human body. By squaring (7) and (8), the
following expressions are obtained:
(arcos (61r))* + (Psin (61r))* + 2arPcos (61r) sin (61r)
= (P —ap)® (23
(arsin (618))” + (Pcos (61r))> — 2arPcos (61r) sin (61r)
=Py (24)

Upon adding (23) and (24) together, the parameter of P can
be derived as follows:

P =+ /(P — a0+ Py~ (25)

Drawing from equation (10) and taking into account that a
and a3 exceed a4, as well as the constraint that the arguments
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of trigonometric functions fall within the interval of —m/2 to
/2, it is concluded that only the positive solution for P is
acceptable. Consequently, P is updated as follows:

P= /(P —a0) + P~ (26)

Taking into account (9) and (10), the following relationship
is established:

arsin (OrR) + azsin (O + O3g) = A 27
azcos (02R) + azcos (Op +03) = B (28)
where
A= —P,r —dy — ascos(P) (29)
B =P + assin(d) (30)

By squaring (27) and (28) and subsequently adding them,
the resulting expressions are obtained:

= A+ B? 31)

Based on equation (31), the parameter of 63z can be
determined as follows:

a% + a% + 2apazcos (O3g)

A+ B—a? — 2
Oar = cos™\( B (32)

2a2a3
Given that 63 corresponds to the angular position of the
exoskeleton’s knee joint, the negative solution is the only
acceptable option. As a result, the updated expression for O3
is formulated as follows:

| A2+ B a3 — a3
> )
aas
in this context, A and B are extracted from (29) and (30),
while the parameter P is obtained from equation (26).
Fig. 5 illustrates the geometry-driven inverse kinematics
analysis for the LLE’s right leg, which aids in determining
the parameter of 6>g. This Fig. demonstrates that:

92R =y - (34)

63 = —cos™ ( (33)

where
_ ( Z31R ) _1 (COS (O1r) (23R _Z]R))
y =tan Y3IR an
s (73R — Y1R)
! ( cos (01r) (Pzr + agsin (B) + d1) )
Pyg — ascos (B) cos (01r) — ajsin(9\r)
(35)
@ =tan~! ( azsin(6sn) ) (36)
az + azcos(63r)
B = 5 - (37)

Utilizing (34)-(37), which stem from a unique and
innovative geometric solution, 625 can be directly determined
based on the given and known parameters. Ultimately, 64 can
be calculated using (6) as follows:

Osg = © — Org — O3g (38)

where 6, and 63 have been determined using the preceding
equations.
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B. LEFT LEG

Asindicated by the provided desired orientation (RgL) in (19),
sin(f17) and sin(y) can be directly obtained from RgL 2,3)
and RéL(S, 2), respectively. As a result, 6y; and i can be
derived as follows:

R3E (2,3) = —sin (1) = 611 = sin” "(—REF (2, 3))
(39
REE (3,2) = sin (¥) = ¢ = sin '(RYF (3,2)) (40)

For real values of X falling within the range [—1, 1],
the inverse sine function, sin_l(X), yields values in the
interval [—m/2, m/2]. As a result, 617 and ¥ must reside
between —m/2 and 7/2, aligning with the motion limitations
of the human body. Similar to the right leg, by squaring
equations (15) and (16) and considering that 7 is positive
according to equation (18), the following expressions can be
derived:

H = \/(PXL +ap) + Py —a] (41)

Considering equations (17) and (18), the following rela-
tionship can be established:

azsin (61) + azsin (02 +031) =C 42)
aycos (b)) + azcos (6o + 631) =D 43)
where
C =Py +di + asgcos(y) (44)
D ="H — agsin(yy) 45)

By squaring (42) and (43), then adding them together,
and taking into account that 637, which is related to the
exoskeleton’s left knee joint, must have a positive value, the
following result can be derived:

2 2
C-+D —az—a3)

46
2ayas (46)

031, = cosil(
where C and D are taken from (44) and (45), while the
parameter H is extracted from (41). It is important to note
that, owing to the restrictions of the inverse cosine function
(cos™1), the angle 63; must fall within the range of —m/2 to
/2. Moreover, given that the angle should be positive, the
final range for 637, should be between 0 and 7/2.

Fig. 6 depicts the geometry-driven inverse kinematics
analysis for the left leg of the LLE, which assists in
determining the parameter 67 . This illustration presents the
following:

O =1 —8 A7)

where

oo e\ —cos(0ir) (z3L —z1L)
A = tan ( VAL ) = tan ( 0L —10)
cos(011) 3L — VIL

— tan-! ( —cos (011) (P + aasin (n) + dy) )
Pyp, — a4 cos () cos (811) — asin(011)

(48)
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FIGURE 6. Geometry-driven inverse kinematics analysis of the LLE's left
leg.

a3sin(63g) ) (49)

§ =tan"! (—
ap + azcos(63R)

b
= —— 50
n=3 14 (50)

Given that Z has a positive direction and Y, has a negative
direction, in (48), z31z is multiplied by a negative value to
align the directions consistently. Employing (47)-(50), which
originate from a distinctive and novel geometric approach,
01 can be directly derived based on the provided and
known parameters. Consequently, 847, can be computed using
equation (14) as follows:

Ou, = — O — O3 (51

where 6; and 637 are ascertained using the previously
mentioned equations.

V. SIMULATION RESULTS AND DISCUSSION

This paper uses a Simulink-Simscape model for validating
and verifying the kinematic analysis depicted in Fig. 7A.
Simscape MultibodyTM was utilized to represent the forward
kinematics of a simplified model for each leg within the
SimscapeTM environment (Fig. 7B). As Fig. 7B shows,
the desired angular positions inputted into the Simscape
model were digitized and processed using a 2" order
low-pass filter, devoid of lag, with a 1 ms filtering time
constant. To model both forward and inverse kinematics
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FIGURE 7. (A) Validation of forward kinematics (FK) through a
comparative approach involving simscape and simulink models, followed
by kinematic verification using sequential forward and inverse kinematics
(IK) analyses. (B) Inside the FK simscape model.

in Simulink, one MATLAB Function has been employed
for each. Using the formulations provided in the previous
sections, these MATLAB Functions utilize MATLAB code
to accurately represent the kinematic behavior of the LLE
system. Fig. 7A shows that forward kinematics is validated
through a comparison using SirnscapeTM and Simulink®
simulations. Subsequently, a sequential forward and inverse
kinematics analysis is conducted to verify the kinematic
analysis. For the simulation purpose and based on Fig. 3
and Fig. 4, the values assigned to each parameter are as
follows: ag is equivalent to 0.025m, ay is 0.15m, dj is
0.2135m, a3 is 0.32m, a3 is 0.325m, and a4 is determined
to be 0.235m. This study employed a standard gait trajectory
as the desired trajectory. The simulation was conducted
using MATLAB R2021a and extended over a duration of
30 seconds. A supplementary video is provided alongside this
paper to enhance understanding and offer readers a visual
insight into the subject. This video is organized into two
distinct segments: the initial part meticulously elucidates the
design of the LLE, while the subsequent section demonstrates
the LLE’s motion in accordance with the provided gait
pattern. Additionally, a supplementary simulation file named
“Kinematic_Analysis.slx,” provided with this paper and
developed in MATLAB R2021a, is used to simulate the
kinematic analysis of both legs of the LLE.

Fig. 8 and Fig. 9 validate the forward kinematics,
respectively, for the right and left leg of the LLE through
a comparative analysis of simulations from SimscapeTM and
Simulink®, focusing on the rotation matrix (Rg) and the
translation vector (Pg). The difference between the Simscape
and Simulink results for both the rotation matrix and

VOLUME 11, 2023



M. Sarajchi, K. Sirlantzis: Pediatric Robotic LLE: An Innovative Design and Kinematic Analysis

IEEE Access

R4R(1,1) R4R 1.2 4R
1,2) R"(1,3
l 0 0 0 (1,3) Pyp Si
L . 002 i I oz Simseand |
£ 002 1E |
I o 002 X 0908 = 018
) 0.04 0.06 | Ia‘ |
| 0 10 20 30 0 10 20 30 0 0 20 30 014, 10 20 0
] g R®@n RR@22) 3eX) | Pyr I
. 1 0.5
. [ '
| E 0 0.8 ®
I E;f'“'s 0.6 0 "‘ :;‘-0'6 I
l T 10 20 a0 04 10 20 0 00 10 20 30 | 07, o 2 W |
1 IR ER)) R*G2) R (3.3 n Pen I
5 05 03 ! EEE |
1} : :
. ° Th |
\ ] -0.6
I ) 10 20 30 ) 10 20 o T 10 20 YA 0 20 s 4
\ Time (Sec) Time (Sec) Time (Sec) - mmimeSec)
_— _— _— L] —_— — — —_— _— _— _— _— _— _— _— L] —_— — — -_—

Rotation Matrix (RgX

Translation Vector (PgR)

FIGURE 8. Validation of forward kinematics for the LLE's right leg with a comparative analysis of simscape and simulink simulations.
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FIGURE 9. Validation of forward kinematics for the LLE’s left leg with a comparative analysis of simscape and simulink simulations.

translation vector falls within the range of 1073 degree,
aresult attributable to the second-order filtering time constant
(0.001) used in the Simscape model. This level of discrepancy
attests to the validity and accuracy of the derived forward
kinematic model for both the right and left legs.

Fig. 10 verifies the kinematic analysis of the right and left
legs by comparing the desired trajectory
(¢ = [Qd, 04, 94, Hf]) , which is the input to the forward
kinematics, with the output from the inverse kinematics
(g = [61, 02, 63, 64]). This Fig. shows that g closely tracks
¢ under a standard and smooth gait pattern with a gait cycle

VOLUME 11, 2023

of 10 sec. In this Fig., 67, and Og, show the discrepancy
between ¢ and ¢ for the right and left leg, which are at the
range of 107! degree. This range verifies the accuracy of
both forward kinematics and inverse kinematics for both legs.
The extremely tiny discrepancy arises from the numerical
precision and solver settings in the simulation environment.
Figs. 8 and 9 demonstrate that R3R(3,3) and REE(3, 3) are
zero throughout the entire simulation time. This is because
ZSR and ZSL are perpendicular to Zy, regardless of the rotation
angles, as illustrated in Figs. 3 and 4. This issue can also be
observed in (11) and (19), where R3R(3, 3) and R{E(3, 3) are
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FIGURE 10. Kinematic verification for the LLE through sequential forward
and inverse kinematics analyses.

zero. Moreover, Egs. (11) and (19) clarify that RéR 3,2) =
sin(®) and RgL (3,2) = sin (), where ® = 6rg + O3g + O4r
and Y = 61 + 031 + 6041, respectively.

In Figs. 8 and 9, the values of R$R(3,2) and R{E(3,2)
fluctuate between the ranges of [0.5, -0.866] and [-0.5, 0.866],
respectively. This indicates that the angles ® and i vary
within [30°, —60°] and [—30°, 60°], respectively, in the
sagittal plane. This fluctuation range for the left and right legs
can be clearly observed in Fig. 10, where the angles —60° and
60° can be seen in 63 and 637, respectively. Furthermore,
Fig. 10 implies that Oyg + O3r + G4 and Or; + 631 + Oar.
consistently remain within the bounds of [30°, —60°] and
[—30°, 60°], respectively. Moreover, from Eqgs. (11) and (19),
it can be found that RgR (1,3) = cos (A1g) and Rgl‘ (1,3) =
—cos (011), respectively. The values of the RgR (1,3) and
RéL (1, 3) depicted in Fig. 8 and Fig. 9 indicate that 61 and
011 are approximately zero, with minimal fluctuations, which
is consistent with the findings presented in Fig. 10.

Egs. (7) and (15) describe the relationships Pyg = ag +
ay cos (01g) + Psin (O1g) and Py, = —ag — aj cos (B11) +
"H sin (611,), respectively. Based on Fig. 10, where 0;z and
011 are shown as small values approximating zero, we can
use the small-angle approximations for sine and cosine.
Consequently, the relationships simplify to P,z & ap + aj
and P,;, & —ag — a1, with minimal fluctuations. Given that
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ao =0.025m and a; = 0.15m, the expected average values for
Pyr and P,y are 0.175m and —0.175m, respectively. These
values are subject to tiny fluctuations, consistent with the
behavior of 61 and 0y as depicted in Fig. 10. Furthermore,
it becomes apparent that P,z and P,y follow trajectories
similar to those of 6 and 67, but with a magnified
amplitude. This observation strengthens the conclusion that
the trajectories of Pyg and P, are intrinsically linked to the
rotations of 61r and 61y, respectively. From Figs. 8 and 9,
it can be observed that Pyg and Py, as well as P, and P,
follow similar trajectories. The only difference between them
is a half-gait cycle delay which is 5 seconds in this study.

VI. CONCLUSION

The present study developed a unique LLE featuring size
adjustability specifically tailored to accommodate children
aged 8 to 12. A comprehensive analysis of body mea-
surements was conducted to ensure a proper fit across
the varied physical dimensions characteristic of this age
group. The design incorporated Brushless DC motors and
Harmonic Drive gears, selected for superior efficiency.
Additionally, the EtherCAT communication protocol was
implemented to facilitate high-frequency operation, enhanc-
ing the responsiveness of the exoskeleton. Furthermore,
the study includes a detailed forward kinematic analysis
for each leg of the exoskeleton. This is complemented by
an advanced algebraic-geometrical solution for the inverse
kinematic analysis of each leg of the exoskeleton. It further
offers a specific validation and verification strategy for
kinematic analysis. For each leg, the rotation matrix and
translation vector are compared across two independent
environments—SimscapeTM and Simulink®—to validate the
forward kinematics. Additionally, the desired trajectory is
contrasted with the inverse kinematic outputs to verify the
kinematic analysis, with the forward and inverse kinematics
arranged sequentially. The convergence of results from both
forward and inverse kinematic analyses fully validates and
verifies the kinematic analysis for both legs of the LLE,
providing a sturdy groundwork for the effective control of
the LLE.

LIMITATIONS AND FUTURE WORK

A primary limitation of this pediatric LLE is its design
tailored specifically for children aged 8 to 12, making
it unsuitable for other age groups. Adapting to the swift
developmental transitions in this age bracket, both physi-
cally and cognitively, presents a significant challenge for
this assistive tool. While the device is constructed from
lightweight materials, optimizing its weight and size is
essential to ensure lasting comfort, especially considering
children’s unique sensitivity and adaptability. Real-time
processing and response are crucial in pediatric robotic
exoskeletons. Latency or software inconsistencies could
result in suboptimal performance or, in severe cases, potential
accidents.
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In this study, the LLE operated in an unpowered mode,
limiting the analysis to simulation-based kinematics. Future
research will present experimental results for comparison
with these simulation findings. In future research, the LLE
will be mounted to a frame. Using the kinematic analysis
from this study, the dynamic model of the mounted LLE,
both with and without a child-sizer dummy, will be derived.
Subsequently, upon unmounting the LLE, a controller will
be established to facilitate a child’s walk with the LLE in
two distinct modes: (i) passive user, where the user exerts no
force, and (ii) active user, where the user exerts force, based
on the previously derived dynamic model. The differential
outcomes between active and passive modes will shape the
human-LLE interaction control to be detailed in upcoming
studies.
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