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ABSTRACT ARTICLE HISTORY

In this article, a simple prototype and control system of a lower limb exo- Received 30 June 2020
skeleton driven by stepper motors was proposed. To study kinematic Accepted 30 November 2020
parameters of the device, a general, three-dimensional simulation model of
the exoskeleton was developed. Moreover, a gait pattern was modeled for
hip, knee, .and ankle joint's. It represents sagittal pIang angular ppsition§ of gait rehabilitation; gait
joints during normal gait and consists of thrge pleceW|_se—def|ned sine- pattern; mathemat-
square-based functions. It is based on the experimental gait data recorded ical modeling

with an optoelectronic motion capture system for a healthy subject walk-

ing on a treadmill. Although the developed pattern is intended to be

implemented in a control system of a lower limb exoskeleton for gait

rehabilitation, it can be used to control bipedal robots as well. Last but

not least, the control approach was tested with the exoskeleton prototype.

KEYWORDS
Lower limb exoskeleton;

1. Introduction

In 2016, 6.6% of the U.S. citizens were identified to have ambulatory disabilities, i.e., serious diffi-
culty walking or climbing stairs (Kraus et al. 2018), with the highest prevalence in people aged
65years and over. According to different reports, such as that by Bach et al. (2011), the amount
of motor disabled adolescents is supposed to raise in the future, following the growth of the aver-
age life expectancy as well as the increase in the number of transport accidents and diseases such
as stroke.

Irrespectively of the reasons, motor disabilities have a negative impact on almost all life
aspects, including employment or social activity, of a vast group of the society. Furthermore,
physiotherapy, which is typically used to treat mobility impairment, is labor-intensive. It requires
the therapists to sustain demanding postures, which often results in occupational lower-back dis-
orders (Glover 2002; Rugelj 2003). To improve rehabilitation outcomes and reduce the burden on
physiotherapists, devices such as lower limb exoskeletons (LLEs) can be employed in the treat-
ment (Guo, Yu, and Yin 2014; Petrarca et al. 2014). A brief history of exoskeletons has been pre-
sented by Pan et al. (2015) and some recent developments and challenges of such devices can be
found, for instance, in the review paper by Chen et al. (2016). It should be noted that although
many academic and commercial research centers have been working on lower limb exoskeletons,
many challenges must be addressed before these devices become affordable and therefore broadly
available for the public.

The main goal of the present study is to propose a prototype of an LLE for rehabilitation as
well as to develop a model of a human gait pattern intended to be used to control the movement
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Figure 1. 3D CAD model of the LLE prototype designed with Autodesk Inventor Professional 2019.

of limbs of the prototyped LLE. More detailed information on studying gait patterns has been
presented by Carvalho and Silvestre (2016) and the characteristics of biped walking has been
described by Ottaviano, Grande, and Ceccarelli (2010). Our study focuses on modeling sagittal-
plane (longitudinal plane) hip, knee, and ankle motion patterns to develop signals controlling the
movement of the LLE prototype. It is based on the experimental data captured for a healthy sub-
ject walking on a treadmill.

The article is organized in the following manner. Section 2 introduces the design of the pro-
posed LLE. In Section 3, the simulation model is described. Section 4 presents the preparatory
work, namely gait experiments. The model of the gait pattern is proposed in Section 5. Results of
numerical simulations are presented in Section 6. Section 7 comprises the description of the con-
trol system implemented in the LLE as well as experimental verification of the gait pattern pro-
posed in Section 5. The summary and conclusions can be found in Section 8.

2. The proposed lower limb exoskeleton - mechanical design

When developing the prototype of the LLE, the authors intended to create a simple and afford-
able device. The mechanical design of the exoskeleton is inspired by the morphology of human
lower limbs as well as similar solutions that can be found in the literature. The CAD model of
the designed construction, developed with Autodesk Inventor Professional 2019, is presented in
Figure 1.

The proposed LLE consists of two limbs, each comprising three segments representing the
thigh, shank, and foot. Lengths of the segments can be adjusted to the wearer for better biocom-
patibility of the device. The segments are connected by six active bearing revolute joints (three
per each limb), further referred to as hip, knee, and ankle joints, allowing for sagittal-plane move-
ments. It should be mentioned that in many similar devices, like eLEGS (Kolakowsky-Hayner,
Crew, and Moran 2013), the ankle remains passive to reduce the mass and power demand of a
device. In this LLE, however, plantar flexion and dorsiflexion of the foot are actuated, as it has
been shown that the ankle support improves knee stability (Esquenazi and Talaty 2019). The
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Figure 2. Close-up of the LLE's feet.

limbs are connected with the module on the back corresponding to the pelvis, and, aside from
the aforementioned sagittal-plane movements, frontal-plane abduction/adduction is also possible
thanks to two passive revolute bearing joints. Furthermore, one additional passive revolute joint
enables for free rotation of the back support, which improves stabilization of the patient’s posture
during rehabilitation.

To ensure stability, the knee joint is built based on a hinged knee orthosis. Joint range of
motion is mechanically limited to the range typical for normal gait and the sit-to-stand/stand-to-
sit movement (Whittle 2007; Kinoshita, Kiyama, and Yoshimoto 2015), but it can be also reduced
by the control system of the device to avoid exceeding the patient’s range of motion. What is
more, the foot segment is equipped with modules enabling for flexion of toes, which makes the
use of the LLE more comfortable for the patient (see Figure 2). The main mechanical elements of
the device are designed to be made of aluminum and some elements are intended to be 3D-
printed. The LLE is mounted to the patient with the use of Velcro fasteners.

3. The simulation model

To conduct virtual investigations of both the proposed lower limb exoskeleton and the developed
gait pattern generator, a three-dimensional (3D), full parametric simulation model of the device
was developed and implemented in Mathematica software. The model can be used to visualize
the LLE prototype and preview simulation outcomes for different kinematic parameters to better
understand crucial parameters of the simulated gait. The implemented simulation model repre-
sents all parts of the exoskeleton designed in Autodesk Inventor Professional software and it is
shown in Figure 3. The model is embedded in a global Cartesian coordinate system Oxyz, which
is fixed to the ground. Additionally, a local coordinate system O'x'y'Z’ is fixed to the exoskeleton,
with the center O’ in the middle of the distance between the hip joints. All passive revolute joints
are marked by green cylinders, whereas red cylinders represent all active revolute joints. The dis-
tance between the hip joints in y'- direction is equal to H.

To ensure biocompatibility and better represent the natural gait of the patient wearing the
device, it is possible to rotate the pelvis of the exoskeleton around all three main axes of the local
coordinate system. The rotation in the frontal plane y'z’ around axis x’ is described by the angle
o(t), the rotation in the sagittal plane x'z' around rotated axis y’ is described by the angle fS(t),
whereas the rotation in the transverse plane x'y’ around rotated axis 2 is given by the angle y(t)
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Figure 3. A general view of the three-dimensional full parametric simulation model of a lower limb exoskeleton created in
Mathematica software.

(see Figure 4). In the global coordinate system Oxyz, vectors r(t) of positions of all points of the
pelvis are given as follows:

r(t) = R(a(t), B(1), (1)) - ¥’ + Ax(t), 1)

where t/ are vectors describing the positions of points of the pelvis in the local coordinate system,
Ar(t) is the distance OO’ between the coordinate systems,

R(a(1), (1), 7(£)) = Re((2)) - Ry (B(2)) - Re(21(£)) )
is the rotation matrix between the two aforementioned coordinate systems, whereas

1 0 0 ]

R.(x(t)) = |0 cosa(t) —sina(t) |, (3)
|0 sino(t)  cosa(t) |
[ cosB(t) 0 sinf(t)]

R, (f(1)) = 0 o (4)
| —sinB(t) 0 cosp(t) |

[ cosy(t) —siny(t) 0
R(y(1)) = | siny(t) cosy(t) O, (5)
0 0 1
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Figure 4. Rotations of the exoskeleton: (a) in the frontal plane (the angle «(t)); (b) in the sagittal plane (the angle f(t)); (c) in the
transverse plane (the angle y(t)).

are rotation matrices for x’-, y'-, and Zz'-axes, respectively. The aforementioned rotations are
visualized in Figure 4.

A single limb of the LLE (see Figure 5) consists of the hip joint A, the thigh of the length I,
the knee joint B, the shank of the length I, the ankle joint C, and the foot element CEDF, where
E corresponds to the heel, F to the big toe, D is the projection of C on the “sole” EF, I3 is the
height of the foot (equal to the length of CD), I, is the length of ED, and I5 is the length of DF.
The limbs are connected with an element on the back of the construction via revolute hip joints
(two passive and one active). As a result, regardless of the rotation of the module on the back,
each limb can move in the 2D sagittal plane xz.

As for definitions of particular angles shown in Figure 5, ¢,(t) states for flexion in the hip
joint while ¢, (#) defines knee flexion, and ¢(t) corresponds to foot plantar flexion, respectively.
The aforementioned movements are accompanied by a small anterior pelvic tilt 5(¢).

The coordinates r; (f) and r);(¢) of the left and right hip joint, respectively, are

Xy (1) 0

tu(t) = | Ya(6) | = R(a(t), (1), 9(t)) - | 0.5H |, (6)
Zp (1) 0
Xar(f) 0

tr(t) = | Yar(8) | = R((), B(1),9(¢)) - | —05H |. 7)
Zpr (1) 0

The coordinates ey (1), Thg (1), Toy (1), To (1), Ty (1), Fog(0), oy (1), Fog (1), Ty (1), and w1
of the characteristic points B, C, D, E, and F, respectively, take the following form:

e [ *hyr(t) + hosinog r(f) ]

r;%L/R(t) = y;SL/R(t) = J’/AL/R(t) , (8)
_Z;SL/RO) | _Z;XL/R(t) — licos oy r(f) |
_xEL/R(t) | _xﬁL/R(t) — L sin ﬁL/R(t) |

r/CL/R(t) = )/CL/R(t) = y;}L/R(t) , 9)
_Z/CL/R(t) | _ZiaL/R(t) — L cos By r(t) |
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*prr () xcp/r(t) — I sinypg(t) ]

r;)L/R(t) = y,DL/R(t> = J’ICL/R(t) , (10)
_jDL/R(t) ZICL/R(t) — I3 cos VL/R(t) ]
_xJEL/R(t) Xpryr(t) = lacosypg(t) |

r;EL/R(t) = y;aL/R(t) = y;)L/R<t) , (11)
_sz/R(t) zpp/r(E) + Lasinyy g (t) |
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Figure 6. Subject’s body configurations at different phases of regular gait recorded by the OptiTrack system.

xFL/R<t) x;)L/R(t) + Is cos yp r ()
rFL/R( )= yFL/R(t) = y;)L/R(t) , (12)
Zpy (1) Zppr(t) = Issinyp(t)

where op/r(t) = @i r(t) — B(t), Brr(t) = @ar(t) —owr(t), yir(t) = Brjr(t) + @3 r(t), and
L or R index is used for the left or the right limb, respectively. Based on the calculated coordi-
nates, the vertical fluctuation (the distance between the centers of global and local coordinate sys-
tems in the z-direction) of the simulated exoskeleton required for simulations is computed as
follows:

_ ]’lL(t) if hL(t) > ]’lR(t),
hle) = {hR(t) i (e) < h(0) =
where
|Zi~ZL(t | if |Z£3L(t)| > |Z,FL(t) )
) { ] I [ (0)] < [2ha 0], 9

and
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Figure 7. Sagittal-plane joint angles during one gait cycle — experimental results.

>

hr(t) = { lZer ()] i |2 (0)] = |2 (1) .

|Z%R(t)’ if |Z;3R(t)’ < ’ZIFR(t)"

It should be mentioned that the considerations presented above concern movements in the
sagittal plane, namely flexion/extension in the hip joint and the knee joint as well as dorsiflexion/
plantar flexion in the ankle, since these movements are most important during rehabilitation.

4. Gait recording

The development of the gait pattern model was initialized by conducting a series of gait experi-
ments with the use of an optoelectronic 3D motion capture (mocap) system. For this purpose,
the OptiTrack real-time tracking system (NaturalPoint Inc., Corvallis, OR, USA), consisting of six
Flex 13 cameras (120 Hz, 850 nm infrared strobe LEDs) recording spatial positions of passive and
active markers attached to the subject, was used. In the experiment, 37 reflective (passive)
markers were placed on the healthy subject’s body according to the standard Baseline protocol
proposed by the system manufacturer. In our system configuration, the x-axis of the coordinate
system is transverse to the walking direction, the y-axis is longitudinal to the direction of the
gravity, whereas the z-axis indicates the walking direction.

The experiment was organized according to the Declaration of Helsinki and the subject was
informed in detail about both the examination protocol and the goal of the research. Then, the
subject was asked to walk normally on an automatic treadmill at a speed of about 4 km/h. Setting
the constant walking speed is helpful in analyzing other gait parameters like joint angles.
Although walking on a treadmill differs to some extent from natural gait, treadmills are often
used in other solutions for gait rehabilitation (for instance, in Lokomat or LOPES exoskeletons).
Based on the infrared camera recordings, the dedicated Motive:Body software reconstructed indi-
vidual body segments and visualized their movement during gait (see Figure 6). Then, sagittal-
plane angular positions of the hip, knee, and ankle joints were postprocessed according to sugges-
tions from the OptiTrack documentation and finally extracted for further analysis.

In the time histories of positions of joints, one can distinguish three stages hereinafter called
gait initiation, regular gait, and gait termination, respectively. Gait initiation is the transition
from standing upright to the first heel strike, whereas gait termination is the transition from the
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Figure 8. Comparison of the sagittal-plane joint angles during one gait cycle, when the angles obtained for the right lower limb
were shifted in phase (50% of the gait cycle) in comparison to the left one: (a) hip joint; (b) knee joint; (c) ankle joint.

regular gait to standing. In the experimental study, however, we focused mainly on regular gait,
which is most crucial for controlling the LLE. It should be noted that the research was partially
motivated by another investigation conducted in our laboratory (Nigmatullin et al. 2020). The
major goal of that study was to fit the so-called intermediate model to typical biomechanical
experimental data recorded during regular gait of human normal walking.

As far as the main part of the entire walking process is concerned, one could notice that sub-
sequent gait cycles are similar to each other, but not identical. This feature was observed also in
the literature, for instance by Wojtyra (2003). To represent the entire interval of regular gait
rather than to choose just one pattern from a single cycle, time histories of angular positions of
joints in several individual gait cycles (periods between two heel strikes) were averaged. The out-
come of this averaging is shown in Figure 7, where solid curves correspond to movement patterns
of the left lower limb, whereas dashed curves show patterns for the right lower limb. Red lines
present changes in angles in the hip joints, green - in the knee joints, and blue - in the
ankle joints.

Since averaged curves of joint angles obtained for the left and the right limb were similar but
shifted by 50% of the gait cycle, one could say the gait was symmetrical. This observation was
confirmed by shifting the curves obtained for the right limb by 50% of the gait cycle and present-
ing the curves for the left and the right limb together again. In this manner, one obtained almost
full “overlapping” of time histories. This comparison is shown in Figure 8 for each joint separ-
ately. Solid curves correspond to movement patterns of the left lower limb, and the dashed curves
show patterns for the right lower limb. The arithmetic means (black curves) of joint angles
obtained for both lower limbs were used in further study to develop the gait pattern generator.
As it turned out, the most reproducible results were obtained for the hip and knee joints.

The obtained signals (i.e., time histories of joint angles) could be directly used to control the
exoskeleton, but they would not enable one to modify patterns between patients or particular gait
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Figure 9. Hip joint angles during one gait cycle: (a) experimental data vs. simulated fitted approximation; (b) the signals pro-
duced for the left and right hip joints.

cycles. Precise control of gait patterns is particularly important in rehabilitation because patients
may have their range of motion limited at the beginning of the therapy, and too excessive move-
ments in joints could lead to muscle and tendons damage. Moreover, the processing of experi-
mental data is usually associated with high memory usage and longer computational time. This is
why in the next part of the study, we focused on developing a relatively simple gait pattern gener-
ator that would be easy to implement and enable one to control gait patterns in individual
gait cycles.

5. Modeling of the gait pattern generator

As far as the goal trajectories for control of the proposed LLE are concerned, the idea was to
implement a bio-inspired algorithm, called a central pattern generator (or, shortly, a CPG). In
nature, CPGs are neural circuits in spinal cords of animals. They regulate various rhythmic func-
tions such as respiration or locomotion even without receiving sensory feedbacks or brain inputs.
The first model of a CPG was proposed in the 1980s (Cohen, Holmes, and Rand 1982), and such
algorithms have been used (also by authors of the present article) in numerous bio-inspired walk-
ing robots ever since (Wang, Chen, and Han 2017; Zhong et al. 2018; Grzelczyk, Szymanowska,
and Awrejcewicz 2019). When compared with control approaches used in other LLEs (Kazerooni,
Steger, and Huang 2006; Luu et al. 2014), the proposed CPG-based algorithm is less complex,
and thus can be implemented with an inexpensive microcontroller such as Arduino Uno and ena-
bles one to change the step length and gait velocity.

As it has been already mentioned, one can distinguish three stages of the gait, called gait initi-
ation (or the initial gait stage), regular gait (or the regular gait stage), and gait termination (or
terminal/final stage of gait), respectively. Below, the gait pattern generator, representing sagittal-
plane joint angles in a normal gait cycle, is considered for the regular stage of gait first. Next, the
initial and final stages of gait are modeled.

5.1. Generation of hip joint angles

To model the gait pattern for the hip joint, the experimental curve shown in Figure 8(a) was div-
ided into three intervals as there were three local extrema in the gait pattern for this joint. Then,
each of the intervals was approximated with a sine-squared-based function. The function ¢,y (t)
represents the proposed approximation of the angle of the left hip joint, while ¢ (¢) of the right
one (it should be noted that ¢,; (¢) and ¢y (t) are in antiphase):

o1, () = @1(1), o1r, () = @ (t — 0.5T), (16)
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where

¢1(t) = ¢y (mod(t — Ty, T)), (17)

mod states for the modulo operation that returns the remainder of a division of t — T} by T, T}
is a parameter equal to zero (further information on T is given at the end of Subsection 5.3), T
- duration of one gait cycle, and

$19 = (d1o — ¢yy) sin’? (zi t) if te<0,ty),

1

$,(t) =< du+ (1, — 1) sin? [m

) (t - tll):l it te<ty, t12), (18)

$1y — (P12 — byp) sin? [ (t— tlz)] if te<t,T>.

s
2(T — t12)

The best fit between the proposed approximation ¢,(t) and the experimental curve is pre-
sented in Figure 9(a). It was obtained for the following values of the parameters: #;; = 0.5547T,
tip = 0.894T, ¢,y = 18.32°, ¢;; = —17.09°, and ¢, = 21.31°. The pattern can be easily modi-
fied by changing these values. Figure 9(b) presents the angles ¢,; (t) and ¢y (¢) produced in a
single gait cycle for T; = 0.

5.2. Generation of knee joint angles

Movement in the knees was modeled analogically, but here, four intervals were distinguished:
a1, (£) = 92(1), 9ar, (1) = (¢ — 0.5T) (19)
where
@,(t) = ¢y(mod(t — 15, T)), (20)

mod states for the modulo operation that returns the remainder of a division of t — T, by T, T,
is a parameter equal to zero (further information on T, is given at the end of Subsection 5.3),
and

—

f te<0,t),

$a0 + (21 — Pyp) sin? (2: t>

21

¢ — (2 — Ppy) sin? 21‘% (t— tu)} if te<ty tn)

$a(1) = 26z ) (21)
by + (¢y3 — ¢pp) sin? ﬁ(t - tzz)} if te<ty, ts),
$23 — (dy3 — y) sin? ﬁ (t— t23)] if te<tsT>.

The best fit between the proposed approximation ¢,(t) and the experimental curve (see Figure
10a) was obtained for the following values of the parameters: t;; = 0.148T, ty;, = 0.4517T, t)3 =
0.751T, ¢,y =2.86°, ¢, =19.07°, ¢,, = 8.30°, and ¢,; = 58.01°. One can venture to say that
the fit is satisfactory as gait patterns differ between people and even between particular gait cycles
of an individual. Figure 10(b) presents the angles ¢, (t) and @,; (t) produced in a single gait
cycle for T, = 0.
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Figure 10. Knee joint angles during one gait cycle: (a) experimental data vs. simulated fitted approximation; (b) the signals pro-
duced for the left and right knee joints.

5.3. Generation of ankle joint angles

As for the ankle joints, the development of the model of the movement pattern (dorsiflexion and
plantar flexion) turned out to be a more complex task than expected. Namely, when the simula-
tion model was run for the experimental results, one could notice that the foot of the LLE hit the
ground with the heel, and then, the point of the foot-ground contact moved to the toes immedi-
ately. In a normal gait cycle, however, the foot remains flat on the ground for some time. The
reason for this behavior was that there are different ways to define the ankle joint angle (e.g., see
the papers by Edrich, Riener, and Quintern 2000; Richards, Chohan, and Erande 2017; or
Mizushima et al. 2018), and the definition used in the present study differed from the one imple-
mented in mocap software. To obtain more realistic movement of the LLE, a function describing
the angle between the sole (the bottom part of the foot element) and the ground was proposed
(see Figure 11a), and then used together with the positions of the hip and the knee as well as the
anteroposterior pelvic tilt f5,(¢) in regular gait to calculate the ankle joint angle:

@31, (1) = @11, (1) — @1, (1) — B, (1) + @5(2), (22)
Psr, (1) = @1r, (1) — Qg (1) — B.(t) + @3(t — 0.5T), (23)

where
@3(t) = ¢3(mod(t — T, T)), (24)

mod states for the modulo operation that returns the remainder of a division of t — T5 by T, T3
is a parameter equal to zero (further information on T3 is given at the end of this section), and

P30+ (0 — ¢p3g) sin? (i t) if te<0,ty),
213
0 if te<ts,tn),
¢s(t) = 0+ (¢3 — 0) sin? U (t—ts) if tE< sy, i), (25)
2(ts3 — t32)
.2 T .
- - —(t— f T >
B3y — (a1 — hag) sin {2(T i t33)] if re< T >

The proposed function ¢5(t) presented in Figure 11(a) was obtained for the following values
of parameters: t33 = 0.10T, t3; = 0.25T, ts3 = 0.5T, ¢p3y = —10°, and ¢5; = 30°. Figure 11(b)
presents the angles @5 (t) and ¢sp (¢) produced in a single gait cycle for T3 = 0.

It should be emphasized that definitions of functions ¢,(t), @,(¢), and ¢5(t) proposed above
use parameters T7, T, and T3. In this article, these parameters were equal to zeros. However, in
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Figure 11. Ankle joint angles during one gait cycle: (a) the proposed approximation of the angle between the sole and the
ground; (b) the signals produced for the left and right ankle joints.

further study, changing these parameters will be helpful in investigating arbitrary mutual phase
shifts of the signals generated for hip, knee, and ankle joints. Especially, it is expected that these
parameters will enable one to obtain other kinds of regular gait.

5.4. Gait initiation

In the initial stage of gait, the signals ¢,; (t) and @ (t) generated for the left and right hip joint
angles, respectively, have the following form:

) T
qDlLi(t) = PiLiny + [qDILr(O) - golLinn] S1n2 <2T t)’ (26)

) T
(lei(t) = Q1R + [wer(O) - qDlRiniJ 51n2 <ﬁ t), (27)

where T; is the duration of the initial stage of gait, and ¢, , @;g , are initial values of the hip
angles for the left and right lower limb, respectively. The signals ¢, (t) and ¢, (t) generated for
the left and right knee joint angles, respectively, are as follows:

Por 1+ (0:5023 — @y, ) sin? <% ) if te€<0,05T;),
(PzLi(t) = - > (28)
0.5¢53 — [0.5¢23 — @5, (0)] sin? {T(t - O.STi)] if te<0.5T,T),
.o
Oor,(t) = Qo + [P2r,(0) — @og,,, | sin ﬁt , (29)

where @, , @,p  are initial values of the knee angles for the left and right limb, respectively. In
turn, adopting that at the initial instant of the initial stage of gait, the soles of the feet are parallel
to the ground, the signals ¢s; (f) and @3 () generated for the left and the right ankle joint
angles, respectively, were obtained in the following way:

@31, (1) = @i, (t) — @ap, (t) — Bi(t) + 3y, (1), (30)
P3r,(t) = @1r,(t) — @ar, (1) — Bi(t) + P3p, (1), (31)

where f3,(¢) is the anteroposterior pelvic tilt in gait initiation,

b31,(1) = Py sin’ <2LT1 t) ) (32)
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and

¢3Ri(t) = 3 sin? (21,111 t) . (33)

5.5. Gait termination

In the terminal stage of gait, the signals ¢, (t) and ¢,y () generated for left and right hip joint
angles, respectively, take the following form:

¢, (t) = @11,(0) — [(P1L,(0) - (PlLi,m] sin? <2iTt t>) (34)

) T
P1r, (1) = @11, (0) = [@1r,(0) — P1r,, ] sin? (th t>, (35)

where T is the duration of the terminal stage of gait. The signals ¢, (t) and ¢ (t) generated
for the left and the right knee joint angles, respectively, are as follows:

@1, (t) = ¢1,(0) — [(PZL,(()) - 402Lm] sin? (ZLTt t>, (36)

T
@3k, (0) + [0.5¢5 — @ (0)] sin? (? t) if +€<0,0.5T}),
t

P (t) = (37)

0.5¢ — (0.5¢53 — @ag,,, ) sin [%(t —~ o.sn)} if te<0.5T,Ty).
t

In turn, the signals @ (t) and @sp (t) generated for the left and right ankle joint angles,
respectively, were calculated in the following way:

@31, (t) = @11, (t) — @1, (t) — Bi(t) + sy (1), (38)
?3r, (1) = @1r, (1) — @ar, (1) — Bi(t) + ¢ag, (1), (39)
where f3,(t) is the anteroposterior pelvic tilt in gait termination,
$a1, (1) = s — oo sin® (2% t>, (40)
and
han, (£) = sy — by sin? (;Tt t). (41)

6. Numerical simulations

This section presents numerical simulations of the proposed lower limb exoskeleton driven by the
developed gait generator. To better reflect the studied gait, small rotations described by angles
o(t), P(t), and y(#) were included, as mentioned in Section 3. Our previous observations of gait,
conducted with the use of the motion capture system, enabled us to conclude that these rotations
can be successfully modeled using ordinary sine/cosine functions with low amplitude and fre-
quency related to the duration of a single gait cycle. The time course of these angles should be
continuous and smooth, also at the transition between the initial and regular stage, the regular
and final stage, as well as between the initial and terminal stage of gait (in the absence of the
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Figure 12. Snapshots of simulations of the exoskeleton at different stages (expressed in % of duration T;) of gait initiation.

regular stage). Satisfactory results were obtained for the following relations:

o (t) = op sin (ZT ) (42)

= f, sin (% t) , (43)
= Y, Sin (% t> , (44)

for the initial stage of gait,

t) = o cos <277: t), (45)

T
4n
= e 5 4
B, cos T t> (46)
7:(t) = 7o cos 27rt), (47)
T
for the regular stage of gait, and
T
o (t) = o cos <2Tt t) , (48)
Y
) = Focos (1), )
T
7¢(t) = 7o cos (2_n t>, (50)

for the terminal stage of gait. Relations o;(t), o.(f), ox(t) were chosen in such a way that the
value of the joint angle at the end of one stage equals the angle at the beginning of the consecu-
tive stage. Namely, o;(T;) = a;(0), o(T) = 0(0), oe(T;) = 2(0). The same holds for f;(t), S,(t),
p.(t) and y;(¢), 7.(t), 7.(t). As for smoothness, a similar rule was used, i.e., the derivatives of the
end value of one stage and the start value of the consecutive stage are the same. It should be also
noted that when gait begins with the left lower limb (left leg forward), negative values of parame-
ters oy and y, should be taken, whereas for right leg forward, positive values should be used. As
for f,, its value should be always positive, regardless of whether the gait begins with the left or
right limb.

The simulation experiments presented in this article were conducted simultaneously for all
stages of gait, namely, for the initial stage, then n cycles of the regular stage, and finally, for the
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Figure 13. Snapshots of simulations of the exoskeleton at different stages (expressed in % of duration T) of regular gait.

terminal stage. Therefore, the rotations o(t), f(t), and y(¢) as well as time histories of ¢, (t),
O1r(t), @a(t), @ur(t), @3.(t), and @sg(t) for particular exoskeleton joints can be presented in

the following manner:

OCi(t) if
OCr(t — Tl) if
o(t — Ty —nT) if
Bi(1) if
p.(t—T)) if
ﬁt(t — Ti — nT) if
7i(t) if
Vr(t - Ti) if
'))t( — Ti — I’lT) if
and

P1uyr, (1)

@11/r(t) e, (= Th)
(plL/Rl(t —T;i —nT)
Pa1 /v (1)

®a1/r(t) Pouyr, (t = Ti)
(pZL/Rl(t — T —nT)
®31/r, (1)

%L/R 903L/Rr(t -T)
@3 r,(t = Ti — nT)

t€<0,Th),
t €< T, T; + nT),
te< T, +nT, T+ nT + Tt),

te<O, Ti),
te< Ti, Ti + I’IT),
te< T Ti+nT, Ti+nT+ Ty,

te<o, Ti),
re< Ti, Ti + nT),
t e< Ty +nT, Ty +nT + T)),

if te<0,T)),
if te<T,T +nT),
if te<Ti+nT,Ti+nT+T),

if te<0,T)),
if te< Ti, Ti + }’IT),
if te<Ti+nT,Ti+nT+T),

if te<0,7Ty),
if te<T,T +nT),
if te<Ti+nT, Ti+nT+T).

(51)

(52)

(53)

(54)

(55)

(56)
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Figure 14. Snapshots of simulations of the exoskeleton at different stages (expressed in % of duration T;) of gait termination.

Numerical simulations of initial, regular, and terminal gait presented below were conducted for
the following values of parameters: H=0.51m, /; = 0.46m, [, = 0.48m, /3 = 0.08 m, /[, = 0.05m,
Is = 015m, T=2s, T; = 05T, T, = 0.5T, n=2, as well as zeros initial values of the hip and
knee angles. The parameters of the developed gait generator were the same as in Section 5.

Snapshots of the configurations of the exoskeleton in different gait phases (captured at regular
time intervals) and simulated for gait initiation, regular gait, and gait termination, are shown in
Figures 12-14, respectively. As can be seen, the simulations reflect the configurations of the
human body during normal walking.

7. Experimental verification

To perform experimental verification of the proposed gait pattern generator, the prototype of the
LLE (shown in Figure 15) was constructed according to the design presented in Section 2.

In the prototype, the active hip, knee, and ankle joints are actuated by bipolar stepper motors SM
57/76-3006A accompanied by 40:1 ratio planetary gears. Although the literature review of LLEs has
shown that brushless direct current (BLDC) motors with wave or reduction gears are usually used in
LLEs (see, for instance, papers by Kwa et al. 2009; Kim et al. 2014; Wang et al. 2015), stepper motors
are relatively inexpensive and authors find them sufficient in terms of testing different gait patterns.
The used stepper motors are powered by stepper motor drivers TB6600 4A controlled directly by a
popular, inexpensive, and easily accessible Arduino Uno microcontroller.

Figure 16 presents the diagram of the developed electrical wiring installation of the exoskeleton
driver. Moreover, the device is equipped with six linear potentiometers installed in each active
joint. In the present study, these potentiometers were used only for observation of the angular
positions in the actuated joints. However, they can be used also in feedback control.

Generally, each of the applied stepper motors is controlled simultaneously and independently
by the dedicated stepper motor driver. Control signals PUL and DIR (pulse and direction)
required for these drivers are digital signals generated on the digital outputs of the microcontrol-
ler (two digital pins per each stepper motor driver). In turn, for user communication with the
exoskeleton driver, all six analog pins available in this version of the Arduino microcontroller are
used. The most important element of the entire control system is the dedicated code loaded into
the internal memory of the microcontroller. From the user level, the movement of the exoskel-
eton’s limbs is controlled by means of three switches (marked as S1, S2, and S3) and four potenti-
ometers (marked as K1, K2, K3, and T). Positions of switches S1 and S3 are indicated by green
D1 and red D2 LEDs, respectively. The switch S1 is responsible for starting and ending the exo-
skeleton limb control, i.e., for the initiation and termination of gait, respectively. Depending on
the position of the switch S2, the movement (initial stage) starts from the left or right limb. In
turn, the switch S3 enables emergency switch-off of all stepper motors by disconnecting the ENA
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Figure 15. The LLE prototype made of aluminum and 3D-printed elements. It has six active and three passive joints.

(enable) signals connected to all stepper motor drivers. When it comes to the installed potentiometers,
their application is as follows: the potentiometers K1, K2, and K3 enable for independent control of
the angular deflections within a range of 0-100% in relation to the developed gait model, for hip,
knee, and ankle joints, respectively, whereas the potentiometer T controls the duration of a single gait
cycle in the regular stage of gait. As it has been already mentioned in former sections of the paper,
control of ranges of motion in the joints is especially important in rehabilitation, since some patients
may have their range of motion limited at the beginning of the therapy.

The operation of the proposed exoskeleton controller is as follows. First, it is specified whether the
movement should start from the left leg (switch S2 in LEFT position) or from the right leg (switch
S2 in RIGHT position). Next, the values (in %) of the maximum deflections in individual joints are
set by the potentiometers K1, K2, and K3. For safety, changing these settings (i.e., switch S2 and
potentiometers K1, K2, and K3) is blocked (unpermitted) in the code during the device operation. In
other words, new setpoints are not taken into account until the next start of the operation of the exo-
skeleton. Switch S3 must be in ON position to provide the start signal to all stepper motor drivers.
After switching on the switch S1, first, the initial stage of gait begins. If the position of this switch
does not change during this stage, the controller proceeds to the implementation of the regular gait.
The regular gait continues until switch SI is turned to the OFF position. Then, after completing the
last regular cycle, the exoskeleton controller proceeds to the terminal stage of gait and stops the
device. If the position of the switch S1 changes to ON again before the beginning of the terminal
stage of gait, the regular gait continues. Concluding, it should be emphasized that during the
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Figure 16. Diagram of the electrical wiring installation of the exoskeleton driver.
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Figure 17. Picture of the real control unit dedicated for the constructed exoskeleton together with the user’s control panel (a);
steps of the stepper motor tracking the desired trajectory in the consecutive iterations (b).

operation of the control system of the exoskeleton, it is possible to regulate the walking speed in real
time by changing the duration of a single gait cycle by the potentiometer T. The picture of the dis-
cussed control system together with the user’s control panel is presented in Figure 17(a).
Additionally, one can see also how the goal trajectory is tracked by the stepper motor in the consecu-
tive iterations (see Figure 17b). For better visualization, the individual steps of the stepper motor were
significantly increased compared to those used in the actual control system.

Figure 18(b) shows the control outcomes of the constructed LLE, where the signals generated
by the control unit were used as desired trajectories (Figure 18a). As one can see, all presented
trajectories follow the goal trajectories quite well, and the control errors are acceptable. As a
result, the employed algorithm implemented in Arduino Uno confirmed that this approach can
be successfully applied in real constructions of such devices.

8. Summary and conclusions

In the article, a simulation model of a human gait pattern was developed based on experimental
data collected with the motion capture system. The model uses sine-square-based functions to
represent changes in angular positions of hip, knee, and ankle joints during walking.
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Figure 18. Experimental results of control the constructed prototype of the LLE: (a) desired trajectories; (b) real trajectories.

Modifications of the model enabled to approximate gait patterns not only for regular gait but
also for the gait initiation and termination (or, in other words, for the first and the last steps).
The model is relatively simple and easy to implement with unadvanced, and thus, inexpensive,
control system based on an Arduino Uno microcontroller. Parameters of the model enable one to
modify step length, shape of the gait pattern as well as the walking speed in real time, namely
from one gait cycle to another. To validate the developed patterns experimentally, a lower limb
exoskeleton and a dedicated control system were designed and constructed. The results of the
experimental tests are promising and show that the proposed gait pattern model has the potential
to be used in the future for gait rehabilitation with the use of a lower limb exoskeleton.

As far as future study is concerned, it will comprise changing the values of parameters T;, T,
and T; of the model, which will lead to investigations of mutual phase shifts of the signals gener-
ated for hip, knee, and ankle joints. Also, the model can be adapted to control bipedal robots or
multipedal devices such as hexapods or octopods. Future work will focus on verifying possible
outcomes of rehabilitation with the device as well. Other potential steps include development of
similar models based on other functions, for instance polynomials or splines, and conducting
comparative research for them as well as introduction of feedback for better rehabilitation out-
comes. Also, dynamics of the proposed lower limb exoskeleton and experimental verification of
the proposed solution for a patient wearing the exoskeleton will be investigated.
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