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A kinematic model of a humanoid lower limb exoskeleton
with pneumatic actuators
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Purpose: Although it is well-established that exoskeletons as robots attached to the human body’s extremities increase their strength,
limited studies presented a computer and mathematical model of a human leg pneumatic exoskeleton based on anthropometric data.
Methods: By using Inertial Measurement Units a lower limb joint angles (hip, knee and ankle in sagittal plane) during walking and run-
ning were calculated. The geometric model of a human leg pneumatic exoskeleton was presented. Joint angle data acquired during ex-
periments were used in the mathematical model. Results: The position and velocity of exoskeleton actuators in each phase of the move-
ment were calculated using the MATLAB package (Matlab_R2017b, The MathWorks Company, Novi, MI, USA). Conclusions: The
obtained results demonstrate the efficiency of the proposed approach that can be utilized to analyze the kinematics of pneumatic exo-
skeletons using the dedicated design process. The developed mathematical model makes it possible to determine the position of lower
limb segments and exoskeleton elements. The proposed model allows for calculating the position of the human leg and actuators’ char-
acteristic points.
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1. Introduction

The development of robotics and computing power
allows the designing of devices for amplifying human
power. Mobile anthropomorphic robots are examples
of the above-mentioned machines which assist in the
operation of human muscles and are called exoskeletons
[25], [27]. Exoskeleton gait rehabilitation systems pres-
ent a new rehabilitation method for patients [28].
They provide overall controllable-level assistance for
gait rehabilitation and reduce therapist workload and
therapy costs [15], [18]. Wearable robotics or exo-
skeletons have unique sets of design requirements.
For example, Valayil and Augustine proposed a serial-

-parallel hybrid manipulator for rehabilitation of upper
limb in stroke-affected patients [33]. According to the
authors, this type of manipulators has a good kine-
matic characteristics while performing wrist motions.
Exoskeletons devices must be portable, safe and light-
weight [39]. Electric motors with gears, hydraulic
actuators and pneumatic muscles are used as the execu-
tive systems of exoskeletons [14], [31]. Pneumatic
muscles have special characteristics that render it op-
timum for medical equipment developed for patient
rehabilitation by continuous passive motion [24]. The
procedure for selecting pneumatic actuators can also
be found in [17], [30].

The manufacturing cost is lower because low-cost
pneumatic actuators drive the pneumatic-driven robot
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gait exoskeletons. The advantage of pneumatic sys-
tems is their lightweight, cleanness and safety. A wide
variety of pneumatic muscle types was described by
Caldwell et al. [3] and Daerden et al. [4]. Unfortu-
nately, the pneumatic-driven robot gait rehabilitation
system exhibits very complicated motion and is diffi-
cult to be modelled mathematically [26], [34]. Its dy-
namics are related to air pressure, load changes, tem-
perature changes and external disturbances [35].

Some exoskeleton publications presented a diagram
of a wearable system [38]. In this paper, we present an
exact geometric model that can be useful for design-
ers. Thus, this study aimed to create a mathematical
model for a pneumatic exoskeleton.

The remainder of this paper is organized as fol-
lows. In Section 2, the gait kinematic parameters were
obtained using Inertial Measurement Units (IMUs).
The procedure was presented in previous works by
Głowiński et al. [6], [7]. Based on the orientation of
IMUs, the angles in the individual joints of the lower
limb in the sagittal plane were acquired. Next, the
basic model of the pneumatic exoskeleton in the sag-
ittal plane is presented. Then, the coordinates of the
exoskeleton and human leg characteristic points as
a mathematical explanation are established gradually.
The proposed mathematical models are built as a func-
tion of human height. This method allows determining
the location of characteristic points of the wearable
system. The angle values obtained during the experi-
ment were implemented in the model. The equations
of the kinematics of the wearable system are presented,
and the experimental results are described. Finally,
a brief conclusion with some limitations of the study
is presented.

2. Materials and methods

2.1. Lower limb parameters
(walk and run)

Our research was divided into two parts (Fig. 1a).
The first one was the IMU experiment and exoskele-
ton model with data processing and simulation.
Twenty-six subjects (male = 14, female = 12) partici-
pated in this study. The Bioethics Committee approved
the study protocol at the district medical chamber in
Gdańsk – Poland (KB-14/20). Before the study, the
investigator explained all procedures in detail to the
subjects. The acceptance rate was 100%, so all sub-
jects agreed to wear the sensors and participate in the
experiment. The participants’ mean age (SD – stan-
dard deviation) was 22.8 years (0.79), mean height
was 169.45 cm (8.26), and mean body weight was
68.05 kg (9.27), respectively. All the tested subjects
walked and ran on a flat surface at the speed they pre-
ferred. Stability during gait and run is a factor influ-
encing speed selection. Individuals use energetically
suboptimal gaits when walking. The people may in-
stead be choosing gait parameters that maximize sta-
bility while walking. Individual joint and muscle bio-
mechanics also directly affect walking speed. Thus,
due to the research we have decided to choose the
preferred speed [11], [22]. The research equipment
included a ProMove mini platform with mini sensors
(Inertia Technology, 2021). This device consists of
a wireless network to transfer data to a computer.
Thus, the data were analyzed in real-time.

Fig. 1. (a) Flowchart of the experimental procedure; (b) the human model and coordinate systems;
(c) a subject wearing the ProMove mini nodes
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By using ProMove mini sensors, it is possible to
record data in continuous time. Each sensor has
built-in memory 2 GB (2 gigabytes), which allows it
to write data up to 7 h. The device contains triaxial
accelerometers, gyroscopes, and magnetometers. All
channels are sampled at 1000 Hz. The range of accel-
erometers is ±16 g, and the range of the gyroscopes is
to 2000 deg/s. The flash memory of each sensor is has
the low-power RF (radio-frequency) transceiver is in
the 2.4 GHz license-free band. Because of the ergo-
nomic design, the ProMove sensors can be easily at-
tached to the body with a strap. Each sensor is 51 mm
(length) to 46 mm (width) and 15 mm (height) in size.
The sensor mass is 20 grams (including batteries).
Data collection <100 ns is synchronized by an Inertia
gateway as the central hub connected to a personal
computer via a USB (Universal Serial Bus). All data
(experimental samples, orientation as Euler angles or
quaternions, acceleration along three axes and angular
velocities) are downloaded by the Inertia Studio pack-
age. Next, they are recorded for further analysis. During
the experiment, sensors were placed along the right
and left legs, more specifically on the thigh, lower leg,
and foot (Fig. 1b, c). The X, Y, Z coordinates represent
the global coordinate system, the xs, ys, zs represent
the sensor coordinate system. In a global coordinate
system, the X-axis is the moving direction and the
Y-axis is the lateral direction. The Z-axis presents the
opposite direction of gravity [5]. The orientation of
each sensor is calculated relatively to the Earth’s ref-
erence frame. As a result, roll, pitch and yaw sensor
angles are acquired. Based on the orientation of each
sensor, the angles in the individual joints of the lower
limb in the sagittal plane were acquired. A funda-
mental problem in IMU-based human motion analysis
is that the IMUs’ local coordinate axes are not aligned
with any physiologically meaningful axis. It is very
difficult to attach IMUs to the leg in such a way that
one of the local coordinate axes coincides exactly with
the knee joint axis. The body straps that we used to
attach IMUs to the leg yield an almost arbitrary ori-
entation of the IMU towards its segment (Fig. 1c).
Thus, the hinge joint angle can be calculated from the
inertial measurement data. But the data from both
sensor units must be transformed into joint-related
coordinate systems (coordinate systems in which one
or two axes coincide with the joint axis and/or the
longitudinal axis of the segment). From a user’s point
of view, more convenient case of arbitrary mounting
orientation, it is required to identify the joint axis co-
ordinates in the local coordinate systems of the sen-
sors attached to both ends of the joint. For example,
a joint coordinate system (JCS) was proposed by the

Standardization and Terminology Committee (STC)
of the International Society of Biomechanics [37]. After
experiments, hip, knee, and ankle motions were cal-
culated by the orientation of each segment (thigh, shank
and foot). Next, these were described in the XYZ-Euler
angle representation [13]. IMUs were placed on the
parallel plane to the anteroposterior plane. The pro-
posed exoskeleton model works in the sagittal plane,
and, therefore, we based our calculations only on the
angles in the sagittal plane. For example, if we want
calculate the knee angle (right leg) we choose two
IMUs (3 and 2nd). They contain 3D accelerometers
and 3D gyroscopes. These sensors are forming two
sensor frames x3, y3, z3 and x2, y2, z2. The knee joint X,
Y, Z is recommended by international society of bio-
mechanics in a mutual coordinate system. Next step is
the transformation from the initial sensor frames into
the JCS (X, Y, Z-Euler angle representation). Thus, the
sensor frames were transformed into a joint/mutual
coordinate system (JCS) to compute the hip, knee and
ankle angles. The multiplication of the single rotation
matrices around each axis transforms the sensor frame
at any time step into the initial sensor frame. The ro-
tation matrices are determined by the equation (1)
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where c and s denote the cos and sin function and φ, θ,
and ψ are the rotation angles about xs-, ys-, and zs-axes,
respectively [36].

After collecting all data from the IMUs, they were
imported using MATLAB. We obtain a signal con-
sisting of several steps. Next, the beginning of each
step (the left and right legs) was determined. Because
some of the steps consist of 200–240 samples (differ-
ent number of samples) it was necessary to interpolate
every step by using Curve fitting – Matlab toolbox.
Subsequently, we performed every step consisting of
100 samples. This implied that the data were trans-
formed into a gait cycle. Finally, the left and right
angles were calculated (an average of 30 steps).

2.2. Exoskeleton of the lower limb
with pneumatic muscles

The pneumatic exoskeleton designed in this work
can provide assistive force to hip, knee joint flexion
and also to ankle plantar flexion [9]. Exoskeleton can
be used mainly to reduce muscle fatigue during a human
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walk. The braces, cuffs, straps and orthopaedic compo-
nents can be used to attach exoskeletons to a human
limb. For example, Valayil et al. [33] proposed using
a hybrid manipulator to perform human wrist motions
and elbow motions during rehabilitation therapy for
upper limb in stroke-affected patients. By using velcro
strapping, they obtain the desired alignment, thereby
preserving the natural movement of the human arm.
The procedure for selecting pneumatic actuators can
also be found in [17], [30]. To support the movement
of the lower limb, the six pneumatic muscles were
proposed (movement only in saggital plane). The first
phase (loading response of 0–12% of a gait cycle) is
a period of extensive muscle activity. Hip flexion
is controlled by isometric action of the hamstrings and
gluteus maximus. The quadriceps act eccentrically to
control knee flexion, whereas the ankle dorsiflexors
act eccentrically to prevent slapping of the foot on the
ground. In midstance (12–31% of gait cycle) the quad-
riceps act concentrically to initiate knee extension,
whereas in ankle, the intrinsic muscles activate to
convert the foot into an increasingly rigid structure.
In terminal stance (31–50% of gait cycle), the plantar
flexors maintain knee extension. The hip abductors
move from eccentric to isometric to concentric activ-
ity, elevating the pelvis in preparation for swing. The
iliopsoas becomes active, eccentrically controlling the
rate of hip extension. The ankle plantar flexors be-
come isometric at 35 to 50% of gait cycle. Next, they
continue forward momentum in the body’s upper part
causes the heel to rise from the ground. In preswing
(50–62% of gait cycle) the plantar flexors act concen-
trically, producing a propulsive push off. The iliopsoas
shifts from eccentric to concentric activity which will
advance the extremity into swing phase. The rectus
femoris limit knee flexion and augment hip flexion.
The erector spinae are active on the preswing side. In
initial swing phase, hip flexors and knee extensors
continue their preswing activity. The dorsiflexors act
concentrically to permit the forefoot to clear the
ground. The hip adductors can also assist during pre-
swing and initial swing to assist in hip flexion. In
therminal swing phase, the hamstrings act eccentri-
cally to decelerate the swinging extremity. The dorsi-
flexors hold the ankle in position for initial contact.
Just before the foot touches the ground, the quadriceps
and the hip abductors initiate activity. The body pre-
pares for the large ground reaction its joints will en-
counter at initial contact.

The kinematic diagram of the experimental model
of the lower limb exoskeleton with actuators (paraller
to selected parts of muscles) is presented in Fig. 2a.
Muscles 1 – great gluteus (gluteus maximus), 2 – ili-

opsoas (musculus iliopsoas), are responsible for straight-
ening and bending the hip joint. The 3 – hamstring and
4 – quadriceps muscles (vastus lateralis) support the
bending and straightening of the lower leg. 5 – gas-
trocnemius muscles and 6 – tibialis anterior muscles
(tibialis anterior) have been proposed for flexing and
extending the ankle joint. In fact, the iliopsoas muscle
is attached to the spine. In two-way movements, a pair
of antagonist muscles were used. Muscle pairs 1–2,
3–4, 5–6 have two input signals – pressure ( p), and
one output in driving torque (τ). For example, the
moment generated by a pair of muscles 1–2 in the hip
joint, as the sum of three components can be ex-
pressed by the relationship:

)()()( 21321
2

2211 ppkppkppk hh   . (2)

The first component of Eq. (2) characterizes the
ability to control the system by changing the pressure,
the second one results from the non-linearity of the mus-
cle characteristics and the third component is a function
of the stiffness of the drive proportional to the sum of
the pressures in both muscles. The coefficients k1,
k2, k3 can be determined experimentally.

The mobility of the proposed model is defined as
w = 3, that is, to fix the position or immobilize all the
elements of the exoskeleton, it is enough to know
three parameters. These can be hip h, knee k and
ankle a angles, respectively. It is possible to define
three angles by specifying the length of the muscles in
eight selected configurations: (1, 3, 5), (1, 3, 6), (1, 4, 5),
(1, 4, 6), (2, 3, 5), (2, 3, 6), (2, 4, 5) and (2, 4, 6). The
change in the length of the muscles during movement
is known as local mobility. In order to determine the
hip flexion θh, knee θk and ankle θa, the following
relationships should be used (Fig. 2b):

Fig. 2. (a) Pneumatic model of the exoskeleton of the lower limb;
(b) angles of selected joints; (c) computer model
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Walking involves all the joints of the lower limb.
An effective gait requires a complex interplay be-
tween agonist versus antagonist muscles. The activity
of exoskeleton muscles during one step in particular
phases is illustrated in Fig. 3. The thigh acceleration
while walking is achieved thanks to the iliopsoas and
the rectus muscles of the thigh. Decelerating during
movement is obtained thanks to the hamstring mus-
cles’ eccentric tension (lengthening) entering the hip
joint. The task of the anterior shin group muscles is to
lower the foot towards the ground when the heel hits
it. The quadriceps muscle absorbs energy and pre-
vents the knee from bending. Upon impact with the
foot on the ground, abductors tighten to keep the
torso upright. The triceps muscles of the calf, which
include gastrocnemius, soleus and plantar muscles,
are responsible for shifting the centre of gravity of
the body forward. When the toes are lifted, the quad-
riceps muscle flexes concentrically to support the
plantar flexors of the foot, push the body forward
and lengthen the stride [2]. A detailed mathematical
description of gait with a model of dynamics in indi-
vidual phases can be found, among others, in [16],
[20], [21], [23], [25].

The analysis of the kinematics of the pneumatic
exoskeleton should begin with the determination of
the constant parameters. On this basis, the coordi-
nates of characteristic points should be determined.
Some of them are constant, such as points A, B, C,
but point D0, ..., O0 are initial position (standing as
in Fig. 4).

Fig. 4. Structural diagram with the parameters
of the pneumatic exoskeleton model of the lower limbs

In the starting position (the thigh bone and the
lower leg is directed vertically downwards, the foot is
horizontal), the coordinates of fixing the muscles with
the tendons are determined. The coordinates of the
characteristic points in the adopted system in the ini-
tial position (as in Fig. 4) are calculated as:

)0,0(A ,

),tan)(( ** ccccB p   ,

),tan)(( ** caccC p   ,

),tan)(( **
0 calaccD ttp   ,

Fig. 3. Muscle activity in individual phases of one step
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),tan)(( **
0 tttp bcalaccE   ,

),tan)(( ***
0 tttp bcalaccF   ,

),tan)(( **
0 claccG tp   ,

),tan)(( **
0 calaccH ltp   , (4)
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Knowing the distances, it is possible to choose the
length of the muscles at rest l10, l20, ..., l60, and to de-
termine the length of the strings themselves *

10l , *
20l ,

..., *
60l , with which the muscles are attached to the

exoskeleton frame. During the operation of the exo-
skeleton, changing the length of the tendons them-
selves is ignored. Based on equation (4), the length of
the tendons themselves in the initial position is deter-
mined from the equation:

10
2**2*

10 )tan)(()( llaccbcl tpt   ,

20
2*2**

20 )()( llaabcl ttt  ,

30
2**2**

30 )tan)(()( lalaccbcl ltpl   , (5)

40
2*2***

40 )()( llaabcl tll  ,

50
22*

50 )()( lalbbl llfl  ,

60
22***

60 )()( lalbbl llfl  .

To determine the location of characteristic points,
directional cosine matrices can be used, which in this
case have the following form:

,
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The coordinates of the characteristic points of the
pneumatic exoskeleton of the lower extremities, as
a function of the angles (θh, θk, θa) can be determined
from the relationship:
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Using the coordinates of geometric positions ob-
tained from the dependence (7), the length of the mus-
cles l1, ..., l6 and the length reduction coefficients ε1,
..., ε6 are determined. They are defined as a function of
angles, hip joint θh, knee θk and ankle θa as:
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The individual values of the angles were adapted
to the dependencies (7) and (8). The change in the
length of the muscles during one step of walking and
running was determined based on the data from IMU
measurements.

3. Results

The hip, knee and ankle parameters were adapted to
mathematical model as a matrix of angles vs. percentage
of gait and run. In Figures 5 and 6, the simulation results
are shown. Muscle lengths at rest, with a pelvic inclina-
tion angle of 12 for free walking and running, are de-
fined as l10; ...;60 = [0.38; 0.36; 0.44; 0.41; 0.28; 0.28 m].
Negative values on the graphs indicate a reduction in
length (shortening of the muscle) in relation to the initial
value, while positive values indicate its elongation in %.
In Figure 5a, the change in hip angles and muscle length
is shown based on the authors’ measurement data. In the
first phase, when the heel touches the ground, muscle 1
is lengthened and muscle 2 – shortened. In the middle
of the cycle, both muscles are shortened, the first of
which is by 8% shorter than the starting position, and the
second – by 10%. At point B, the length of the first mus-
cle is the baseline (not stretched and shortened), while
the second is shortened by 7%. It is related to the for-
ward tilt of the pelvis. It is worth noting that, in the
starting position, this value was 0. At the knee joint, the
third muscle is elongated at the beginning (point A). The
cause is in the forward limb. Thus, the fourth muscle is
shortened by 5%. Characteristically, at point B, the third
muscle is shortened by approximately 2.5% due to the
bent knee. This is also influenced by the attachment of
the third and fourth muscles below the knee joint. In
Figure 5c, the change in the length of the muscles re-
sponsible for the ankle joint is illustrated. The fifth mus-
cle (attached to the back) is shortened at the beginning
due to the slope of the foot, then it increases in length
and at about 50% of the stride phase is lengthened by
1%. The sixth muscle is elongated, and then it decreases
in length. At about 68% of the phase of one step, its
elongation reaches a maximum value of 8%. A similar
situation can be observed during the run, as shown
in Fig. 6. The maximum elongation  is 11% (muscle 4
– knee joint) at 75% phase of gait.

Determining the change in the speed of muscle
shortening is necessary to determine muscle parameters
(pressure and the speed of filling the muscle). The
change of velocity of each muscle length during walking
and running is presented in Fig. 7. The continuous line
marks the individual values related to gait, while the
dashed line marks the speed of lengthening and short-
ening each muscle, expressed [m/s], during the run. The
lowest values of shortening and lengthening are ob-
served in the case of the second muscle, both for walking
and running. They are respectively 0.08 and 1m/s. The
highest values are characteristic of the third, fifth and
sixth muscle.
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Fig. 5. (a) Change of joint angles and length of pneumatic muscles of the exoskeleton, in free gait, hip joint,
(b) knee joint, (c) ankle joint
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Fig. 6. (a) Change of joint angles and length of pneumatic muscles of the exoskeleton, in the run, hip joint,
(b) knee joint, (c) ankle joint
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4. Discussion

The developed model can be used in the kinematic
and kinetic simulation of human movement [21], [40].
The angles during walking of joints were calculated
using IMUs. The use of IMUs to calculate angles is suit-
able for investigators because of the limited need for
equipment. Unlike optical systems, they are portable,

inexpensive, and testing can be done outside a labo-
ratory. The obtained angle values can be used to deter-
mine the operating parameters of exoskeletons. IMU
sensors were used to simulate walking and running.
Data related to the parameters of walking and running
were obtained and then used to reflect the movement
of individual muscles. Next, by implementing these
parameters into the model, it is possible to analyze how
pneumatic artificial muscles work. Through simulation,

Fig. 7. Velocity of change in the length of pneumatic muscles while walking (—) and running () [m/s]:
(a) muscle 01, (b) muscle 02, (c) muscle 03, (d) muscle 04, (e) muscle 05, (f) muscle 06
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it is possible to determine the elongation of individual
muscles. Determination of kinematic parameters en-
ables the selection of muscles and geometric parame-
ters.

The kinematics and the proper alignment with the
corresponding joints are a central aspect of the exo-
skeleton’s design. Improperly designed and selected
operating systems of the pneumatic wearable device
may have a negative impact on the user’s comfort.
Problems with matching the device may be related to
the misalignment of the exoskeleton with individual
joints. In addition, the device moves relative to the
user’s body during movement due to the forces oc-
curring, which is a significant engineering challenge.
Therefore, it is essential at the design stage of the
exoskeleton to identify problems related to the de-
vice’s design, for example, the type of actuator used
(pneumatic, electric or hydraulic). Actuators intro-
duce a significant amount of weight and inertia to the
exoskeleton system to produce the physiological
torques needed for the various human joints. While
geared electric motors suffer from high reflected
inertia and striction and are difficult to backdrive,
pneumatic and hydraulic systems suffer from high
friction and are very difficult to backdrive [1]. In
pneumatic actuators, it is important to determine the
pressure limits of each actuator design, especially
when it comes to the safety of using these actuators
in exoskeletons.

The proposed solutions in the form of kinematic
models allow for developing a pneumatic exoskele-
ton. Pneumatic muscle as exoskeleton actuators are
one of the most promising executive systems for
rehabilitation robots, due to its inherent compliance
and safety features. In recent years, there have been
several well-known pneumatic muslces actuated
rehabilitation robots, such as the series of upper limb
exoskeleton Rupert and lower limb orthosis Kafo
[10], [29]. Antagonistic configuration, as one of the
most frequently used actuation schemes, can provide
the bidirectional assistance to the patient’s joints.
One pneumatic muscles antagonistic pair consists of
two muscles connected through a cable and a pulley.
By regulating the pressure inside each muscle, the
configuration can provide one rotational degree of
freedom assistance. Hence pneumatic muscle an-
tagonistic pairs are widely utilized in upper/lower
limb multi-joint exoskeletons and to help patients to
complete the assigned movement tasks [19].

Knowing the velocity of the change in the length
of the artificial muscles, it is possible to select the ap-
propriate executive system and the supply pressure of
the device. If we know the parameters of human gait

(IMU) by simulation, we can calculate how quickly the
muscles shorten.

In skeletal muscle, the relationship between force
and velocity is described by a hyperbolic function, which
highlights that the force muscle fibers generate decreases
with increasing speed of contraction. Experimental
results show that during walking and running in the
knee joint, the highest speed of shortening the pneu-
matic muscles is 0.5 m/s (muscle 3) and 0.3 m/s (mus-
cle 4), respectivelly. It is influenced by the length of
the thigh and lower leg, and walking speed. A reduc-
tion in pneumatic muscle shortening speed may result
in a reduction in walking speed. As a rule, high speeds
are not required for rehabilitation, therefore, pneu-
matic muscles (considering their limitations) can be
successfully used for gait re-education.

To maintain a vertical position (e.g., in the case of
people after a stroke), we need to build up an initial pres-
sure on the muscles. Pneumatic muscles, McKibben as
well, mimic the processes of contraction and relaxa-
tion of human muscles, causing the formation of the
corresponding axial stresses. McKibben have the ad-
vantages of being lightweight, easy to fabricate, are
self-limiting (have a maximum contraction) and have
load-length curves similar to human muscle. This kind
of muscles consist of an inflatable inner tube/bladder
inside a braided mesh, clamped at the ends. When the
inner bladder is pressurized and expands, the geome-
try of the mesh acts like a scissor linkage and trans-
lates this radial expansion into linear contraction. Ad-
ditionally, they have a high power to weight ratio and
power-to-volume ratio. The limitation of McKibben
muscles is the non-linear relationship between stress
and strain inside the inner tube elastomer. Addition-
ally, Tondu [32] drew attention to the problem of es-
timate friction coefficient and its possible dependence
on pressure and velocity with the weaving peculiar to
McKibben braided sheaths. Theoretically, pneumatic
muscles can provide safe and comfortable interaction
between humans and robotic exoskeletons, but it is
not always true as the energy stored in the elastic ele-
ment can suddenly be released and caused to generate
unsafe reaction forces [8].

This work has several limitations, for example,
the IMUs system was tested only with healthy sub-
jects in the experiments. Experiments on a larger
group of people will be helpful to evaluate the per-
formance and improve the gait kinematic parameters.
An additional area of research may concern the
mechanism of compensating for the misalignment of
the exoskeleton and the axis of the user’s knee joint.
Future work shall investigate how to control the
pneumatic exoskeleton.
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5. Conclusions

In this paper, we presented the kinematics of exo-
skeleton pneumatic actuators during walk and run pro-
cees. The main aim of the research was to present a pro-
posal for designing an exoskeleton with pneumatic
actuators. We built a geometrical model of a pneumatic
exoskeleton based on anthropometrical parameters. The
presented results demonstrate the efficiency of the ap-
proach that can be utilized to analyze the kinematics of
pneumatic exoskeletons using the devoted design proc-
ess. The developed mathematical model enabled the
authors to determine the position of lower limb segments
and exoskeleton elements, which made it possible to
calculate the position of the human leg and actuators’
characteristic points. This type of exoskeleton modelling
can be a popular concept, because we can change every
kinematic parameter (angle, angular velocity of each
joint) and observe how actuators should work. Finally, it
should be noted that the proposed kinematic model of
the exoskeleton may be the basis for the physical model
and the analysis of gait dynamics.
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