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Abstract

With the constant increase of the elder population, the number of cases of walking disabilities has
grown, together with the need for a less intrusive locomotion aiding device. Most devices developed
recently are created with an hospital or clinical use in mind, lacking a device that patients can use
at home, while their locomotion disability is still light, or when they finish the heavier hospital
attendance like physiotherapy. This paper proposes a robotic cane that gives assistance to people
with light locomotion disabilities, helping users maintain and recover their balances in standing and
walking situations. The design is based on an unicycle, and is controlled using full-state feedback
with gain obtained by LQR and using Polynomial Pole Placement Techniques, with its reference being
calculated using the forces applied by the user. The mathematical model, the control and the hardware
of the prototype are analysed in detail, and its performance is confirmed by simulations and real-life
experiments, verifying its behaviour. The effectiveness of the prototype in real world applications was
verified, testing its behaviour when used by users with and without mobility impairments, in situations
of normal movement, situations of user standing and situations of danger of imbalance. In all tests, the
device performed better than expected, confirming the concept viability.
Keywords: Robotic cane, light locomotion assistance, compact locomotion assistant, locomotion
disabilities, unicycle

1. Introduction
The ability to walk upright is one of the most impor-
tant factors that define an human being. Alongside
the massive brain (homo sapiens) and the ability to
make tools (homo habilis), it is one of the distinc-
tive features that separates the human species and
its ancestors (homo erectus) from the rest of the
animals [12]. Alongside that, being able to walk
brings not only physical well being to an individ-
ual’s life but also psychological, social and economic
well-being, since that such inability removes a ma-
jor portion of the patient’s freedom and lowers the
performance at most activities of daily living [27].

Also, due to low levels of physical strength re-
sulting from muscle weakness or other medical con-
ditions, elderly people are the age group that suf-
fers the most with restricted movement, and, since
the elderly population is growing, corresponding to
22.1% of the Portuguese population in 2019, close
to 2% higher than the values of 2018 [1], a short-
age of young people for nursing care can become a
problem [4].

Because of this, walking-aiding means and de-
vices become objects of extreme importance to re-
generate the ability to walk to users with condi-
tions that deteriorate or fully remove such capac-

ities without the need of full time evaluation and
supervision from nurses, physiotherapist or other
professionals.

Studies have been made on Smart Walkers (SWs)
for clinical evaluation and assistance of people with
decreased locomotion capabilities ([14] [20] [21] [16]
[6] [9] [22]). However, these robotized walker de-
vices present a bulky and complicated design that
reduces the possibility of its use outside of clinical
and hospital environments.

Therefore, a Smart Cane (SC) becomes more ade-
quate for home and individual use, without the con-
stant supervision of medical staff. There are some
works made on these types of devices ([15] [23] [3]
[26] [25]). This device is more mobile and less intru-
sive, although it becomes less stable because of the
size, structure design and weight. Because of this,
it is more appropriate to people that still hold some
control over their locomotion, helping to maintain
or correcting their gait in order to ensure the con-
servation of their ability to walk. It can be used also
as a second stage for people recovering from ataxic
problems or other incorrect gait problems that have
already been evaluated and rehabilitated with the
help of a Smart Walker (SW) in a clinical environ-
ment, being now able to go home with a smaller
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and less intrusive device.
Even though these SC’s provide a smaller device,

most of them are still too big to provide a comfort-
able use in tighter places and/or require sensors to
be connected to the user. The device proposed by
this paper has a smaller footprint and requires no
sensors connected to the user, presenting a simpler
and easier to use application.

2. Background
In order to minimize the footprint that the robot
will have, the cane has only one wheel connected to
the rod, on which the user grabs Figure 1. With
only one moving part, the robot becomes less me-
chanically complex, the weight is reduced, since it
is only needed one motor and one wheel, and, with
the reduction of the footprint of the device, the user
has more space to move his lower limbs, prevent-
ing situations where the user would hit the cane or
vice-versa. The wheel used is a simple, traditional
wheel, which implies that the cane can only move
in two directions, but helps to support of the user,
reducing the possibility of the cane to slip sideways,
simplifying also the movement of the robot, becom-
ing more predictable for the user.

Figure 1: 3D render of the final vision of the cane

2.1. Model of the Robotic Cane
The model is based on an unicycle, with only one
degree of freedom, that consists on the joint be-
tween the wheel and the rod, which is where the
motor is placed. A simple schematic of the model
can be seen in Figure 2.

Figure 2: Schematic of the model.

Table 1: Variables of the model.
θ[rad] angle of the rod
x[m] position of the wheel
mp[kg] rod mass
mr[kg] wheel mass
g[m2/s] gravitational force
r[m] wheel radius
l[m] rod length
lc[m] length from axle to rod center of mass

δ[N ·m · s/rad] viscous friction coefficient
u control input (voltage supplied to motors)

Defining a model only with the motor and the rod
[5], it is possible to relate the gravitational forces
exerted on the rod with the friction and inertia to
create a space state model that allows to obtain the
angular acceleration of the rod.

The gravitational, friction and inertia compo-
nents that are applied to the arm can be defined
by

Fg =
1

2
mpgl sin θ, Ff = δθ̇, I =

1

3
mpl

2θ̈, (1)

respectively.
Adding all the components it is possible to obtain

the torque that must be applied by the motor to
the arm, that is, the system input. As such, the
following expression is obtained:

u =
1

3
mpl

2θ̈ + δθ̇ +
1

2
mpgl sin θ. (2)

Putting the angular acceleration, θ̈, in evidence,
we obtain the non linear equation of the system:

θ̈ =
u− 1

2mpgl sin θ − δθ̇
1
3mpl2

. (3)

Adding the wheel to the system, a new variable
is added - the position of the wheel. The linear
equation of the linear acceleration of the system is
obtained by summing the forces acting on the wheel
in the horizontal direction,

mcẍ+N = u, (4)

where N is the reaction force that the pendulum
exerts on the wheel, and can be obtained through

N = mpẍ+mplθ̈ cos θ −mplθ̇
2 sin θ, (5)

which corresponds to the sum of the forces acting
on the pendulum.

Replacing eq. (5) in eq. (4), we get the second
equation of motion in

(mc +mp)ẍ+mplθ̈ cos θ −mplθ̇
2 sin θ = u. (6)
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Due to the fact that the torque generated by the
motor not only serves to move the arm but also the
wheel, a term has to be added to eq. (2), and the
model becomes the linear equations in

ẍ =
u−mplθ̈ cos θ +mplθ̇

2 sin θ

mr +mp
,

θ̈ =
(u− 1

2 ẋmrr) − 1
2mpgl sin θ − δθ̇

1
3mpl2

.

(7)

Although x varies widely in values as the unicycle
moves, since it represents the position of the wheel,
the value of θ is always around zero. This way, it is
possible to make the following linearization:

sin θ ≈ θ, cos θ ≈ 1, θ̇2 ≈ 0, (8)

that when applied to (7), originates the following
linear equations of motion:

ẍ =
u−mplθ̈

mr +mp
,

θ̈ =
(u− 1

2 ẋmrr) − 1
2mpglθ − δθ̇

1
3mpl2

.

(9)

The linear equations of motion were converted to
the traditional model of a state space model,

ẋ = Ax+Bu, y = Cx+Du. (10)

In this specific case, the model after being con-
verted is:


ẋ
ẍ

φ̇

φ̈

 =


0 1 0 0

0 0 0 − mpl
mr+mp

0 0 0 1

0 −
mrr

2
1
3mpl2

−
mpgl

2
1
3mpl2

− δ
1
3mpl2



x
ẋ
φ

φ̇



+


0
1
r

mr+mp

0
1

1
3mpl2

u,

y =

[
1 0 0 0
0 0 1 0

]
x
ẋ
φ

φ̇

+

[
0
0

]
u.

(11)
The MATLAB ® code of this model can be ac-

cessed in [17].

2.2. Control of the Robotic Cane
Using full-state feedback control (eq. (12)), which
gain K is obtained by minimizing the quadratic cost
function in eq. (13)[10] with MATLAB ®function
lqr() with parameters Q = CTC and R = 0.0001,
the model was simulated for a situation where no

forces are applied to the pendulum, only a 10% de-
viation from the vertical position at the beginning
of the simulation. The system’s response is repre-
sented in Figure 3.

u = −KX (12)

J(u) =

∫ ∞
0

(xᵀQx+ uᵀRu+ 2xᵀNu)dt (13)

Figure 3: Response of the system to a disturbance,
with both references at zero.

In this test the references of both x and θ have
been set to zero, just to verify the correct function-
ing of the model.

However, a reference of zero both in the position
of the wheel and in the angle of the cane is not
realistic, since these must adapt to the direction and
intensity of the forces applied by the user. Thus, a
MATLAB ® function was created that obtains a
reference for both angle and position. The code can
be accessed in [17].

Figure 4: Model schematic with forces applied.

The aim is for the reference to adapt to the force
applied by the user. This way, the sum of the forces
applied to the pendulum must be zero, that is, the
angle of the cane should compensate for the force
applied by the user. By analyzing the forces applied
to the pendulum, as in Figure 4, it is possible to
obtain the following equilibrium equation:

−lcmpg sin θref = (l cos θref + r)fx + (l sin θref )fz.
(14)
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Solving eq. (14) for θref , the eq. (15) is obtained:

θref = arcsin tanψ
1+tan2(ψ)

(
r
l +

√(
(1 − r2

l2 ) tanψ + 1
))

, (15)

, where

tanψ =
lfx

lcmpg − lfz
. (16)

Knowing the reference angle θ of the rod it is
possible to obtain the angular movement that the
wheel should make in relation to the arm through
the eq. (17):

γref =
l

r
sin θref . (17)

By multiplying the angular movement that the
wheel should make, γref , by the radius of the wheel,
the movement that the wheel should make is ob-
tained, which when added to the current position,
results in the reference position. Therefore, the ref-
erence position can be obtained directly from the
reference angle of the arm through eq. (18).

xr = l sin θref + x. (18)

The reference angle and position obtained in (15)
and (18), once calculated, are placed in the full-
state feedback controller.

In order to verify that the controlled system is
able to reach the reference assigned to it, a test
was carried out in which a reference of θ with sev-
eral levels is placed to the system, thus allowing
the analysis of the system’s behavior when it tran-
sits between different angle references while starting
with a 10% deviation from the vertical position, as
in Figure 3. The result is found in Figure 5.

Figure 5: Behaviour of the system to a variable
reference.

In all cases the angle of the cane tends to go, ini-
tially, to the desired reference, however it does not
remain in the reference, sometimes not even reach-
ing it, ending up returning to zero, that is, to the
position in which it is stable and in equilibrium.
This results from the fact that in simulations the
hand of the user, that gives the cane another point
of contact other than the floor, is not taken in ac-
count (the cane is simulated by itself), and so, the

human contribution to the stabilization of the sys-
tem for references other than is not simulated. In
real life testing this behaviour should be corrected.

The system was also simulated being controlled
through Polynomial Pole Placement Techniques.
The controller has two distinct parts, one control-
ling the position and another controlling the angle.
The (19) angle controller, obtained only through
Root-Locus analysis, has two components, each re-
sponsible for modifying the poles differently. The
first component places the poles of the transfer func-
tion of the angle in the left complex semi-plane,
making the system stable [19], and the second com-
ponent adds two poles in the far-left region of the
complex plane (negative real component but with
high absolute value) making the system causal [11].

Yctrl ang1(s)

Xctrl ang1(s)
= 60

9.375s− 3.2225

s− 3

Yctrl ang2(s)

Xctrl ang2(s)
=

s2 + 20s+ 101

s2 + 200s+ 10000

(19)

However, due to the complexity of the position
component, the respective controller (20) was ob-
tained through polynomial pole placement tech-
niques [7], placing the poles in λ1, λ2 = −8 ± j,
λ3, λ4 = −6±j, λ5, λ6 = −2±0.5j and λ7 = −2, 42,
which resulted in only one component,

Yctrl pos(s)

Xctrl pos(s)
=

−2926s3 − 13024s2 − 413s− 215.5

s3 + 34.19s2 + 18785s+ 78721
.

(20)

The two parts return two control signals, one
each, that are combined by applying a weight to
each one, α and 1 − α, which represent the impor-
tance given to the position and angle respectively.
The weights used were 21% for the position and 79%
for the angle, having been obtained by perform-
ing simulations with different weights and compar-
ing the performance of each using the Root Mean
Squared Error (RMSE) and observing the behavior
of the system, choosing the option that presented
the best behavior.

Two force signals were created, simulating the
forces an user would apply on the handle, as in
Figure 4, when walking slowly (0.25m/s), normally
(1m/s) and faster (2m/s), and were used to calcu-
late the reference through eqs. (15) and (18). The
system controlled through Polynomial Pole Place-
ment Techniques was then simulated with the ref-
erences obtained. The response of the system for
the slow walking case is shown in Figure 6.

The results show that, compared to the LQR op-
tion, the system is able to reach the reference with
higher success, at the cost of making the behaviour
of the cane less smooth.
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Figure 6: Behaviour of the system controlled by
pole placement, in a situation of normal movement
(1m/s).

An adaptive control option was also tested, but
presented poor results, and so was not imple-
mented.

3. Implementation
3.1. Robot components

The total list of components used is a controller,
two motors, a motor driver, an inertial measure-
ment unit (IMU), an encoder, two batteries, a Blue-
tooth module and two force sensitive resistors. The
datasheets of all components can be accessed in [18].

The controller used is an Arduino Uno. In order
to obtain the angle of the cane and the position of
the wheel, an IMU and an encoder were used. The
controller receives data from the sensors and calcu-
lates the control signal that it has to send to the
motors. As a direct connection between the con-
troller and the motors is not feasible, because not
only the output currents of the controller are insuf-
ficient for the motors, but the electrical noise gen-
erated by the motors can damage the controller, a
motor driver had to be used. In the aluminium pro-
totype, a Bluetooth module and two force sensitive
resistors were added. The whole prototype is pow-
ered by two batteries, separating the power circuits
of the motors and the micro-controller. A Kalman
filter [10] is used to clean and combine the signals
from the gyro and the accelerometer of the IMU,
with parameters Qangle = 0.001 and Qbias = 0.003
corresponding to the process noise variance for the
accelerometer and the gyro bias, respectively, and
Rmeasure = 0.03 corresponding to the measurement
noise variance.

3.2. Robot prototype

In total, three prototypes were built. The wiring
diagram for all prototypes can be seen in [18]. The
average mass that an elderly person (60+ years old)
can lift, from the hip to the shoulder, in 4 consec-
utive repetitions, is 20.2kg for men and 13.2kg for
women [13]. In order to add a comfort gap, reducing
the fatigue caused by transporting the cane in situ-
ations where it has to be raised repeatedly, a limit
of 7kg has been placed on the mass it should have,
corresponding to approximately half of the lowest
value previously mentioned.

In order to verify the viability of the concept, a
smaller prototype was built using LEGO ® parts
as its structure, to check the correct functioning of
the components and the behaviour of the control at
a smaller scale. The tests performed with this small
prototype showed that although the control and the
IMU were working as intended, the encoder wasn’t
working properly due to flexibility of the LEGO ®
structure and lack of robustness of the sensor. Be-
cause of this, this sensor was not used in other pro-
totypes.

An aluminum tube was added to the smaller pro-
totype in order to change its size to a more realis-
tic level, while still using the LEGO ® structure.
This robot, which can be seen in Figure 7 has the
specifications represented in Table 2,

Figure 7: Bigger LEGO ® prototype of the robot.

Table 2: Parameters of the bigger LEGO ® pro-
totype.

rod mass [kg] 0.593
wheel mass [kg] 0.060
wheel radius [m] 0.080
rod length [m] 0.875

length from axle to rod center of mass [m] 0.190
viscous friction coefficient [N ·m · s/rad] 0.025

Figure 8: Aluminium prototype of the robot.

The aluminum prototype, represented in Fig-
ure 8, was created in order to test the concept with
real users without limitations due to the fragility of
the robot. The structure is made of aluminum, in-
creasing the integrity and robustness of the robot,
while maintaining reduced mass. The complete pro-
totype has a mass just over 800g, well below the
mass limit imposed at the beginning of this chap-
ter. This prototype was equipped with the two force

5



sensors in the handle, like is shown in Figure 9,
and with the Bluetooth module, allowing data to
be obtained without a cable connecting the cane to
a computer.

Figure 9: Positioning of force sensors on the handle.

This prototype was presented and tested with a
medical team, composed of elements from SPMS
(Serviços Partilhados do Ministério da Saúde) and
ACES (Agrupamento de Centros de Saúde) Loures-
Odivelas, in order to analyze and adjust its behavior
and make the necessary changes in order to meet
the needs and characteristics of patients with re-
duced mobility. Due to the small variations that
occur in the hands of people in an unconscious way,
mainly in old ages where problems like Parkinson’s
can arise, a band of ±5◦ around the vertical posi-
tion was implemented of this prototype where the
gain of the controller is reduced by 80%, making the
use of the cane more comfortable and smooth. The
parameters of this prototype can be seen in Table 3

Table 3: Parameters of the aluminum prototype.
rod mass [kg] 0.810

wheel mass [kg] 0.060
wheel radius [m] 0.08
rod length [m] 0.780

length from axle to rod center of mass [m] 0.20
viscous friction coefficient [N ·m · s/rad] 0.25

A code was created for the Arduino in order to
control the prototypes created. As in MATLAB
® simulations, control is done through full-state
feedback (eq. (12)) with gain obtained by LQR and
through Polynomial Pole Placement Techniques.
All Arduino codes of all prototypes can be accessed
in [17].

4. Results
The prototypes were subjected to several tests in or-
der to prove their operation in real situations, tak-
ing into account the cane application. Both con-
trol methods were tested, through full-state feed-
back (eq. (12)) with gain obtained by LQR and
through Polynomial Pole Placement Techniques,
and showed similar results, with the LQR option
presenting smoother behaviour and the Pole Place-
ment option showing a faster reaction. In Figure 10
it is possible to see the behaviour of the system, con-
trolled by the two controllers, in a situation were the

user walks at a normal speed, showing the smoother
but slower response of the LQR option.

Figure 10: Comparison between the behaviours of
the system with both controllers.

Overall, the LQR option showed a better behav-
ior, even if with a slower reaction, being more pre-
dictable and comfortable. Because of this, only
the system controlled through full-state feedback
(eq. (12)) with gain obtained by LQR was analysed
with all prototypes.

The difference between the behavior of the sys-
tem controlled by polynomial pole placement tech-
niques in the simulations of the section 2 and the
behaviour in these real tests is justified by the fact
that the system modeling is not perfect and the
fact that, in the real system, there is a limit to the
power that the actuators can manipulate, so a high
increase in the gains leads only to saturation, not
resulting in a better response by the system [10].

4.1. Bigger LEGO ® prototype

Figure 12 shows the angle of the bigger LEGO ®
prototype during a 60-second test in which the cane
was standing, with the user holding the rod with-
out moving, as shown in Figure 11. The objective
of the system is to maintain verticality while avoid-
ing movements to the maximum. Throughout the
test the variation of the angle never exceeds ∓1◦,
therefore being very small variations, proving that
the system can maintain its verticality. It should
be noted that many of the variations that are ob-
served result from the flexibility of the LEGO ®
structure and small movements that are inevitably
made by the user’s hand, introducing some human
error. The aluminium prototype, with its stronger
structure, eliminates most of the jittery behaviour.

Although this prototype does not have the force
sensors and, as such, it is not possible to calcu-
late an angle and position reference, as explained
in the section 2.2, the ability to reach angle ref-
erences other than zero was tested. A reference
was submitted to the system starting at 0◦, reduc-
ing to −30◦ after 15 seconds, changing each 5 sec-
onds for a new angle reference value. The values
used were −30◦,−20◦,−10◦,−5◦, 0◦, 5◦, 10◦, 20◦

and 30◦, ending again at 0◦. Figure 13 corresponds
to a moment during the test. Observing the be-
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Figure 11: Test of the ability of the bigger LEGO ®
prototype to maintain verticality when standing.

Figure 12: System response to the test of the bigger
LEGO ® prototype’s ability to maintain vertical-
ity when stopped.

havior of the system in Figure 14, it is possible to
conclude that the system can always reach the de-
sired reference, quickly and smoothly (important,
considering the application that the cane will have).
Again, it should be noted that, as in the previous
case, many of the variations that are observed result
from small movements that are inevitably made by
the user’s hand, and therefore there is a component
of human error.

Figure 13: Test of the ability of the cane to reach
the desired references.

The bigger LEGO ® prototype was tested for
real use situations, following the user’s movement,
as seen in Figure 15. For this, the user carried out
three tests, walking forward until covering a dis-
tance of 4.5m, stopping for a brief moment and
walking backwards to the starting point. In the
first test, Figure 16, the user moved at a normal
speed and with a normal gait, advancing with one
foot always ahead of the previous one. In the sec-
ond test, Figure 17, moved at a lower speed and
joining the feet between each step, always advanc-
ing with the same foot, simulating the locomotion
that an elderly person or someone with a injured

Figure 14: System response to the test of the cane’s
ability to reach the desired references.

lower limb would have. In the third test, Figure 18,
moved at a higher speed, walking normally again,
like in the first test.

The cane successfully kept up with the user’s
movement, staying close to vertical. The higher the
speed, the bigger the force the user applies to the
cane, which results in more intense angle variations,
so the cane has more difficulty maintaining vertical-
ity in the case of faster movement, reaching up to
15◦, while in the slower case it only peaked at 8◦,
remaining mostly below 2◦.

In all cases, it is also possible to easily observe the
user’s steps. Each time a step is taken, the user’s
body moves and the arm pushes or pulls the cane,
corresponding to the peaks of variation in its angle.
When these variations are negative correspond to
the forward movement of the user, which causes the
cane to lean forward, and when they are positive
correspond to the backwards movement.

Figure 15: Test of the ability of the cane to keep up
with the normal movement of the user.

Figure 16: System response to the test of the cane’s
ability to keep up with the user’s normal movement.

Testing the ability of the bigger LEGO ® pro-
totype to support the user in the event of unbal-
ance, helping to prevent a fall, the cane was placed
in front of and behind the user, in two separate
moments, and the user leaned towards the cane,
supporting part of his weight, as shown in the Fig-
ure 19. It should be noted that due to the motors
being used, the torque generated by the system is
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Figure 17: System response to the test of the cane’s
ability to keep up with the user’s slow movement.

Figure 18: System response to the test of the cane’s
ability to keep up with the user’s fast movement.

low, so the cane cannot withstand very high forces.
However, it is possible to observe in Figure 20 that,
even with these motors, the cane is able to support
part of the user’s weight, helping to regain balance
and avoid falls. When the user is supported, there
is a stabilization in the angle of the cane, which re-
sults from the force of the motors to counter the
force that the user is applying to the cane, trying
to bring the system back to verticality.

(a) Leaning for-
ward.

(b) Leaning
back.

Figure 19: Test of the ability of the cane to hold
its position and support the user in the event of an
imminent fall.

All prototypes use the same two LEGO ® mo-
tors, being capable of producing 11Ncm of torque.
In a test similar to Figure 20, the aluminium pro-
totype was able to support 7N of force applied by
the user at a 77◦.

4.2. Aluminium prototype
The tests carried out on this prototype ensured the
viability of the concept, having been carried out
analyzes of the robot’s behavior with users with and
without reduced mobility capabilities.

In order to ensure the correct functioning of this
prototype, tests were carried out with 7 individu-
als without mobility difficulties. In each test, the

Figure 20: System response to the test of the cane’s
ability to hold its position and support the user in
the event of an imminent fall.

user moved 4m forward, then turned around and
advanced again to the starting point.

The results showed that the way one uses the cane
varies a lot from person to person. Younger individ-
uals kept the cane on their side and moved along-
side it, keeping it fairly vertical. On the other hand,
when the subjects were older, the cane was placed
in front of the body, close to 20◦, reporting that this
was the position in which they felt most supported,
behaving similarly with traditional walking canes.

The way users hold the cane also changed from
case to case, but in all cases most of the force was
applied over the back force sensor.

Two other tests were carried out, now on users
with reduced mobility, the first being a case recov-
ering locomotion capabilities and the second a case
maintaining them, thus allowing to analyze the be-
havior of the system in the two main applications
of the concept. The first user is recovering from
a fracture, and thus showed some initial apprehen-
sion when seeing the cane, but then used it with-
out any issue, only needing some support from an-
other person in the beginning, while getting used.
The second case, an user suffering from rheumatoid
arthritis, showed immediate willingness to use the
cane, and used it without any help. Both users com-
plained that the support provided by the cane was
not enough in some situations where they applied a
higher force. In the end of the tests, the first user
still preferred a traditional cane, while the second
user preferred the robotic cane.

(a) User
recovering
from a
fracture.

(b) User
with
rheuma-
toid
arthritis.

Figure 21: Tests with users with reduced mobility.
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In both cases, users instinctively placed the cane
in front of them, at a 20◦ angle, as what older sub-
jects did in the tests with individuals without mobil-
ity difficulties. Observing the dynamics of a person
standing, it is better understood why these users
feel safer with the cane in front of them. Since
the human body has only two points of contact
with the ground, due to bipedia, it results in an
unstable system if not properly controlled, requir-
ing a third contact point to become stable in these
cases. The success of the control depends on the
agility, balance and cognitive fitness of each indi-
vidual. As mentioned in [2] and [8], aging and a
sedentary lifestyle lead to these capacities being re-
duced, worsening the control of the body to remain
stable while standing and walking, thus increasing
the risk of unbalance and falling.

(a) User recovering from a frac-
ture.

(b) User with rheumatoid
arthritis.

Figure 22: System angle and forces applied on the
tests with users with reduced mobility.

The balance of a standing person is based on
the ability to maintain the projection of the center
of mass on the ground within the polygon formed
by the points in contact with the ground, that is,
within the support polygon [24]. If the balance con-
trol is degraded due to age or other pathologies, the
best solution is to counter this lack of control of the
position of the center of mass by increasing the area
of the polygon where it can be. In addition, the
support polygon, this way, is extended in front of
the user, which is the direction most propitious to
unbalance since it corresponds to the direction of
movement. In the Figure 23 the support polygons
are represented when the individual does not use a
cane, when he uses it at his side and when he uses
it in front of him.

Thus, the reason for instinctively placing the cane
in front of older users is justified. However, as
younger users do not feel the need to increase the

Figure 23: Support polygons in no cane (left), cane
at side (middle) and cane at front (right) situations.

support polygon, they unconsciously place the cane
beside them closer to vertical, thus helping to sup-
port part of the weight that would otherwise be
placed on the lower limbs.

5. Conclusions
The model and prototype of the robotic cane de-
veloped in this study were proven to be a success.
The behaviour of the system is very smooth and
worked very well with the intended applications for
the device. Its usage is very intuitive, making it nat-
ural for the user during their movement. Despite
the limitations of the prototype built, its benefits
in supporting the user throughout his movement,
and the support of the user to regain balance in
fall situations were proven with performance above
expectations. The feedback from the test subjects
and the medical team was very helpful and positive,
thus confirming the viability of the concept.

In future work, the motor will be changed to a
stronger motor, to improve the amount of support
the cane can supply to the user. The control will
be further adjusted to optimise the behaviour of the
system for different situations, and an algorithm to
calculate the reference from the force sensors of the
handle will be created. The two controllers will also
be merged, bringing the best of each one together to
improve the overall behaviour of the system. Out-
door tests will also be conducted to verify the per-
formance of the device in situations were the user
has more space and freedom of movement.

Finally, one of the points to improve will also be
the aesthetic component of the device, in order to
become more attractive to users, encouraging its
use.
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[1] Estat́ısticas Demográficas. 2020. accessed 21-

December-2020.

[2] F. A. Barbieri and R. Vitório. Locomotion and
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