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Abstract: As a new type of human-computer interaction, physical human-robot interaction is very common in guide
robots and is the mainstream of future development. However, the force interaction device is hard to choose according
to actual application requirements. In this paper, we compared the force transmission characteristics of three interaction
mediums: rigid rod, spring-damping, and cable. The result shows that the rigid rod will bring a force impact on blind users
when the robot’s motion state switches, while the spring-damper can not perform well in its response and stability. In
contrast, the cable is more suitable in this area for its fast response and stability, moreover, it does not impose a

dramatic impact when imposing an excitation force.
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1. INTRODUCTION

In recent years, as automation and intelligent
technology develops rapidly, blind guidance robots
have emerged as an alternative to guide dogs to
provide walking guidance for blind people. Currently,
the major structural modes of blind guidance robots
include small electronic guide devices, guide canes,
wearable guide devices, and mobile guide devices.
Regardless of the mode, an effective guidance process
should be based on the good interaction effect.

Nowadays, common interaction methods for blind
guidance robots include auditory-based interaction [1,
2], tactile-based interaction [3-9], and force-based
interaction [10-12]. Compared with auditory-based
interaction, tactile and force-based interaction are
insufficient to the richness of interaction information,
but they can compensate for the instability and
susceptibility to the interference of voice interaction
and deliver key guidance instructions in a timely and
effective manner. Compared to traditional tactile
interaction devices, including vibration motors and
Braille display, force interaction can reduce the burden
of understanding specific sequences for blind people
and make the interaction process more efficient. For
mobile blind guidance robots, convenient interaction
during guidance is especially important because they
are equipped with independent power units, and
force-based interaction has attracted enough attention
due to its naturalness and simplicity, which has opened
up a new research direction - physical human-robot
interaction (pHRI).
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A common interaction medium for force-aware blind
guidance robots is the rigid rod. Gerard et al. [13]
proposed a guide robot called PAM-AID, in which the
user input device is a joystick with a switch mounted on
an armrest. The University of Michigan's Mobile
Robotics Lab has developed a Guide-Cane, a class of
mobile blind guidance robots in which a blind person
can use a thumbstick to prescribe a desired direction of
motion and to perceive changes in the robot's state of
motion. Dae ef al. [12] also used a joystick as the
interaction medium to develop a user-steered blind
guidance robot that applies a fuzzy logic controller to
recognize the user's intention and adjust its linear and
angular velocity. Recently, Dr. Lee et al. at Berkeley
[14] used a leash as an HRI medium to study the
switch between taut and slack states for obstacle
avoidance, they also proposed a hybrid pHRI model
involving tension to describe the dynamics of the robot
guidance system. Similarly, in the field of UAVs, Marco
et al. [15] used the tether as an interaction medium to
achieve a robot capable of only using force as an
indirect communication channel to bring a human to the
desired location (or along a path).

As shown in Dae’s research [12], when blind users
walk fast or turn sharply, they will feel obvious
discomfort in their hands and shoulders by the joystick.
Even though the problem could be solved by proposing
an optimization algorithm, it would be more effective to
consider it when selecting the interaction device. A
point worth considering is that the switch in the motion
state of the blind guidance robot shows different
characteristics for the blind person's hand end when
different interaction devices are applied. The purpose
of this paper is to investigate the force transmission
effect on when the rigid rod, springs, and flexible cable
are used as interaction devices, to select the optimal
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medium of interaction, and determine the relevant
parameters according to the proposed criteria.

Section 2 focuses on modeling the mechanics of the
three force interaction mediums. Section Il carries out
simulation analysis based on ADAMS for the relevant
models. Section IV carries out experimental validation
on the existing prototype platform. Section V
summarizes the research content of this paper, as well
as proposes further research plans for the current
deficiencies.

2. MODEL ESTABLISHMENT

2.1. Force Transmission Model of the Rigid Rod

When a blind person is interacting with the blind
guidance robot using a rigid rod as the medium, at this
time the robot needs to accelerate due to some special
requirements, such as obstacle avoidance. Assume
that its traction force changes abruptly from one
constant force to another constant force within a certain
period, and we set it as a step force.

For the blind person, he starts to adjust his speed
after receiving the sudden impact in force. In other
words, the hand end of the blind person can be
regarded as the hinge structure connected with the
rigid rod in a short period. Therefore, the period at the
moment of the sudden step force can be approximated
as equilibrium and analyzed from the point of static
equilibrium.

The equilibrium state where the pull force is
imposed is depicted in Figure 1, and Fl (i=1,2,3) are
the forces contained in this model, where Fj (value=F)
is the horizontal pull force imposed by the blind
guidance robot, F? (value=mg) is the self-gravity of the
rigid rod, and FT (value=T) is react force on the hand
end of the blind person transmitted by F? According to
the theorem of concurrence of three balanced forces,
the extension line of the force vector FT Fj and Fj
will intersect at a point, indicated as the point O. The
included angle of the negative direction of the x-axis
and Fl is recorded as 6.

Blind guidance robot end

Figure 1: The model description when a step force is
imposed on the rigid rod.

Four static equilibrium equations of (1) — (4) can be
obtained according to the force on the rigid rod force
transmission model in Figure 1.

LiF=0 (1)
IENAEN IF N = Fomg, T 2)
F, = =Proj,(F)), F; = —Proj,(F)) (3)
BN = IE] + 15 (4)

The above equation shows that the reacting force
FT is tightly related to the force vector Fz and F? If the
value of Fj is small enough compared to that of F? 0
will decrease to 0, and the value of F; will keep in sync
with that of 173 in the opposite direction.

2.2. Force Transmission Model of the

Spring-Damping

Typically, when in the application of using cable as
the pHRI medium, the model of the force is typically
calculated by Hooke’s law. According to Tognon’s
description [4], that is, when the cable is slack, the
cable force intensity is zero and when the cable is taut,
the cable force intensity is proportional to the increment
of the cable length. It can satisfy the following equation:

) = U =D 7 ) T >0 o
0 othersie

Where [, is the constant nominal length of the cable,
Z is the vector from the blind guidance robot end to the
blind person’s end, k. is the constant elastic factor,
te||ic]| represents the cable internal force intensity.

Actually, it also exists damping force in the dynamic
motion of the cable, which is proportional to the cable
motion velocity. In this case, we take the damping
factor into the existing spring model for consideration
and explore the tension in the spring-damping
interaction system when imposed a step force.
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Figure 2: Example of a translational spring-damper model.

The magnitude of the translational force of a
spring-damper is linearly dependent upon the relative
displacement and velocity of the two locations that
define the endpoints of the spring damper. Replacing
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the rigid rod with a spring-damping element also
derives a law for the variation of the spring force with
the motion state of the blind guidance robot (shown in
Figure 2), i.e.

ITNl = ¢ @liFl /de) + K - (IRl = L) + || Fre | (6)

-

where 7 refers to the distance between the two
relative  coordinate  points that define the
spring-damping, d||7|| /dt refers to the relative
velocity of the two coordinate points, C refers to the
damping factor, K refers to the spring stiffness factor,
preload refers to the reference force of the spring, and
L refers to the reference length, and the value of

force is ||m|| when r = L.

According to the geometric relationship, it can
obtain that:

P-L=% )
7117 = h? + (w + [IX[])? (8)

Then the end motion of the blind guidance robot is
analyzed by Newton's second law,

IF:]| = IT]| - cose = my ||l &)

where m, is the mass of the blind guidance end, ¢
refers to the angle where vector 7 intersects with the
negative direction of the x-axis, which can be
expressed as:

cosQp = %Ix*ll (10)

Joint equations (6), (8) and (9), the relationship
between the spring force ||T|| and imposed pull force
||F5]| would be derived in theory.

2.3. Force Transmission Model of the Flexible
Cable

According to the previous survey, studies applying
flexible cable as pHRI medium are quite rare, while the
mass of flexible cable tends to be neglected and its
elasticity is the focus. Here, the cable catenary model
is used to describe the dynamic characteristics of the
flexible cable. Although the lumped mass method
shows more advantages in describing the dynamic
response of cable, its application scenario is generally
deep-sea mooring and towing where the mass of cable
is quite large. Moreover, it needs sufficient moving
boundary conditions and initial conditions to solve it,
while the blind person’s motion state is uncertain in
pHRI interaction.

The mass of the flexible cable itself selected for
interaction will not be too heavy, so the inertia force
caused by acceleration can be appropriately ignored in

the case of the flexible cable in the shape of the
catenary. The static analysis of the flexible cable is
carried out by the s catenary equation to solve for the
tension at the end of the flexible cable.

Figure 3: Depiction of a flexible cable model.

As shown in Figure 3, the origin of the
three-dimensional coordinate system is established at
the end of the flexible cable connected to the blind
guidance robot. For ease of calculation, when the total
system is in a dynamic process, the origin of the
coordinate system will move with the motion of the
robot, forming a dynamic coordinate system. From this,
the configuration equation of the flexible cable when it
is not straightened can be expressed by the catenary
equation as:

z(x) = —%+%cosh(%x) (11)

where p is the line density of the cable, H is the
horizontal tension imposed on the robot end.

Set the blind person’s end of the horizontal distance
from the end of the robot to x_port, flexible cable length
is a constant value of L, derived from equation (12),
then the horizontal tension H can be solved by
equation (13):

0

f—x,port 1+z'(x)%?dx =L (12)
%sinh%-x_port =L (13)

Similarly, when the horizontal tension H is given,
its corresponding x_port can also be calculated, then
the shape curve of the flexible cable will be depicted.
Moreover, the gravity and the force imposed on the
hand end can be derived from the following equations:

G(x) = pgL(x) = Hsinh%x (14)
T(x) = JH? + G%(x) = Hcosh%x (15)
When the selected cable could be stretched due to

its elasticity, the influence of the elastic modulus on the
results cannot be ignored when solving with a catenary
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equation, and the elastic modulus is introduced into the
classical suspension line equation for correction,
resulting in the elastic suspension line equation.

z
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T z+dr

Figure 4: Force on a micro-segment of the catenary
segment.

As shown in Figure 4, the flexible cable
micro-element segment ds is selected for the study.
Its mechanical equilibrium equation is:

{ (Ty + dT) cos(6 + AB) = Tycosf =T (16)
(Ty + dT) sin(6 + AB) = Tysinb + pgds
The above equation can be divided to obtain:
tan(@ + AG) — tan = %ds (17)
Taking the limit to derive:
tan' %2 = 29 45 (18)
dx T

. e
According to z'' = tan'6 —
X

" — P9 _%/ 4zy2
z'="Sds === |1+ (9)%dx (19)

By Hooke's law and the conservation of mass, the
mass of the flexible cable before and after the force
deformation is constant, then we have

_.p
bo =1 (20)
Set ¢ = i , take a = %, z—i = sinhu into the

equation (19) and (20), it can be expressed as:

coshudu = 22" gy (21)
1+ecoshu

dx is expressed by du, and the integral of u is
obtained

X = %(u + esinhu) + C; (22)

Similarly, it can be obtained that

y= %(coshu + %scoshzh) +C, (23)
3. SIMULATION RESULTS

The force transmission simulation of rigid rod and
spring-damper was conducted on Adams software. As
shown in Figure 5, a rigid rod and spring-damping were
set as the interaction medium between the blind person
and the blind guidance robot. According to the actual
situation, the horizontal and vertical distance of the
connection points at the two ends were set to 0.98m
and 0.88m, respectively. Meanwhile, the diameter of
both the rigid rod and the spring-damping is set to
0.03m and 0.08m, respectively. The mass of the rigid
rod is set to 0.1kg, while the mass of the spring
damping is negligible in the software.

Figure 5: (a) Simulation model diagram under rigid rod
interaction medium.

Figure 5: (b) Simulation model diagram in spring-damped
interacting media.

This simulation provides a preliminary study of the
force transfer effect of the rigid rod and spring-damping
where the stiffness factor and damping factor were set
to 5 newton/meter and 1 newton-sec/meter
respectively.

To better illustrate this phenomenon, we set the
upper boundary of the step force to 7N, 12N, 17N, 22N,
27N, and 32N respectively, shown in Figure 4. It can be
seen that when the rigid rod is selected, the force
transmitted to the hand end also changes sharply when
the exaction force imposes. The force transmission is
without any depletion. In contrast, when the
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Figure 6: The force transmission effect when the interaction medium is a rigid rod(left) and is spring damping(right).

spring-damping is used as the interaction medium, the
force that reacts on the hand end increases slowly
during the 2-3s period, whether the step force
increases to 7N or 32N. This initially shows that
spring-damping can reduce the pulling force impact of
the blind guidance robot due to motion state switch to
some exten.

It can be seen that the rigid rod can effectively
transmit the tension force, but it also causes an
apparent impact on the blind person when switching
between motion states, while the spring has a certain
delay effect on the force transmission.

To investigate the effect of spring-damping physical
parameters on the delay effect of tension, the tension
input of the blind guidance robot was set to STEP
(Time,2,2,3,7), and the stiffness and damping factors
were changed to observe the effect of the imposed
force. As shown in Figure 7(left), when the stiffness
factor of the spring keeps increasing, the force
response at the blind hand end becomes faster
accordingly.
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For different damping factors, it does not have a
good effect on improving the transmission effect of
excitation force by adjusting its values. As shown in
Figure 7(right), theoretically, the force transmission is
gradually improved by increasing the value of the
damping factor. However, in the actual value of the
damping coefficient, the magnitude of change in the
damping coefficient is very small, and the effect of
changing the damping coefficient on the improvement
of the spring force transmission hysteresis is negligible.

In addition to the case of abrupt changes in tension,
another case is that of a blind guidance robot pulling a
blind person along with a constant force under ideal
conditions, and simulations were performed in this
case. It is found that when one end is loaded with a
constant force, the spring-damped force transfer has a
fluctuation, which decreases in response to increasing
its damping coefficient, while it is difficult to suppress
this fluctuation when changing the stiffness coefficient
(Figure 8).
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Figure 7: The force transmission effect when applying different stiffness factors (left) and damping factors (right).
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Figure 8: The force fluctuation effect when applying different damping factors (left) and stiffness factors (right).
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Figure 9: Catenary configuration corresponding to a step force at one end.

It can be seen that the selection of a
spring-damping to meet the human-robot interaction
requires a balance between the need for fast force
response and low fluctuation. To some extent, although
increasing the stiffness coefficient can suppress the
problem of slow spring force transfer response, the
damping coefficient is small, which makes it difficult to
meet the need for reducing volatility. Therefore,
spring-damping may not be the best choice as a
human-robot interaction device for blind guidance
robots.

To facilitate the calculation, we set the blind
guidance robot end as the coordinate origin and study
the force fluctuation applied to the blind hand end when
a step force of the same 2-7N is applied to the pulling
force at the guide robot end. Based on the step force
discrete point, the coordinates of x _port at each
moment are calculated according to equ (13), and then
the magnitude of the corresponding top pull at each
moment is obtained according to the formula for the
pull force T.

The Catenary configuration when a step force at
one end is depicted in Figure 9, as the force intensity
increases, its corresponding configuration will slow
down.

4. EXPERIMENTAL RESULTS

This summary focuses on the rigid rod, the spring
and the flexible cable as the guiding media connecting
the subject to the guide robot. The three mediums are
given a horizontal sudden change in pulling force at the
end of each medium. This means that at a given
moment the robot applies a step pull to the end of the
guide medium. The data is then collected in real time
by a tension sensor at the end of the guide robot.
Finally, a set of step pull response curves for each of
the three media was obtained, and the relevant theory
and simulations mentioned in this paper were
experimentally verified, as shown in Figure 10.

Figure 10:
procedure.

Schematic diagram of

the experimental
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Table 1: Basic Parameters of the GDR

Basic Parameters Numerical Values

Overall mass m (kg) 120
Full load mass M (kg) 150
Wheel rolling radius r (mm) 100
Air resistance coefficient C, 0.96

Rolling resistance factor f; Generally set to 0.01

Windward area A (m?) 0.4
Rotating mass conversion factor § 1.04
System mechanical efficiency 71, 0.9

Based on the initial set of power performance
indicators for the guide dog robot, preliminary
calculations of the power parameters of its drive
system are carried out to derive the peak power, torque
and speed requirements for the guide dog robot under
various operating conditions, which serve as an
important basis for motor selection. The basic
parameters of the guide dog robot are shown in Table
1.
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Figure 12: Spring force sensory interaction tension step
response curve.

The pull response curve for the rigid rod guide is
shown in Figure 11. The horizontal coordinates
represent time and the vertical coordinates represent
the tension values. The horizontal sudden change in
pull force at the end of a rigid rod is given. That is, the
guide robot applies a step pull of 5N-35N to the end of
the rigid rod over a period of 2-6s. The horizontal
tension applied to the end of the rigid rod is shown in
the colour curve in Figure 11. The tension applied to
the first end of the rigid rod can be expressed as a
composite of the gravitational force of the rigid rod and
the horizontal tension at the end. Data was collected
using a tension sensor at the end of the guide robot
and the force curve was plotted on an Origin software
post-processor.

Due to the gravity of the rigid rod and the limitations
of the experimental conditions, the force curve
fluctuates around the peak and has an initial value of
approximately 2.5 N. The experimental data curve in
Figure 11 shows that the rigid rod conducts the force
very rapidly, with a rise time of almost less than 0.1 s
when the applied force F > 10 N. This results in a large
acceleration in a short period of time, with the resulting
The impact is not a good experience for the visually
impaired.

The tension response curve during spring guidance
is shown in Figure 12. The horizontal coordinates
indicate time and the vertical coordinates indicate the
tension values. Given the horizontal abrupt pull at the
end of the spring, that is, the guide robot applies a step
pull of 5N-15N to the end of the rigid rod over a period
of 2-15s. The horizontal tension applied at the end of
the spring is shown as the colour curve in Figure 12.
The tension applied to the first end of the spring can be
expressed as the synthesis of the gravitational force of
the spring and the horizontal tension at the end. Data
was collected using a tension sensor at the end of the
guide robot and the force curve was plotted on an
Origin software post-processor.

The force curve has an initial value of approximately
2.5 N due to the spring's own gravity and the limitations
of the experimental conditions, and the purple curve
does not follow the blue dashed line due to the limited
length of the spring pull up due to the limitations of the
experimental site. The non-linearity of the tension
response curve is more pronounced when the tension
F<8N. When F>8N, the non-linearity of the spring
tension step response curve is significantly reduced.
The experimental data curves show that the spring
conducts force very slowly and the linearised green
and purple response curves show that the tension rise
time is greater than 15s and there is a very obvious
hysteresis effect. The length of the spring being pulled
up is also beyond the normal reasonable distance.
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The tension response curve for the flexible cable
guide is shown in Figure 13. The horizontal coordinates
represent time and the vertical coordinates represent
the tension values. Given a sudden horizontal pull at
the end of the flex cable, i.e. a step pull of 10N-35N is
applied to the end of the flex cable by the guide robot
over a period of 1-4s. The horizontal tension applied at
the end of the flex cable is shown in the colour curve in
Figure 13. The tension applied to the first end of the
cable can be expressed as a combination of the
gravitational force of the cable and the horizontal
tension at the end. Data was collected using a tension
sensor at the end of the guide robot and the force curve
was plotted on an Origin software post-processor.
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Figure 13: Step response curve for flexural force perception
interaction tension.

Due to the gravity of the flexible cable and the
limitations of the experimental conditions, the tension
curve fluctuates around the peak and produces an
initial value of about 11 N. When the tension F < 20 N,
the step response curve of the tension does not
change significantly. And when F>20N, there is an
obvious non-linear upward process in the step
response curve of the flexible cable pulling force. From
the above experimental data curve, we can see that the
transmission process of the flexible cable to the tension
is relatively moderate, the tension rise time is about
1~2s on average, and the flexible cable is not as likely
to be wirelessly stretched as the spring. The cable
does not produce a large force impact on the human,
which reduces the experience, but also allows the
visually impaired to respond to the robot's guidance in
a timely manner. There is some lag, but not so much
that the visually impaired person loses their sense of
purpose. It therefore meets the requirements for pace
synergy between the visually impaired and the guide
dog.

5. CONCLUSION

After the theoretical analysis and experimental
verification of the force transmission effects of the three

types of force perception interaction media, rigid rods,
springs and flexible cables, their force transmission
characteristics can be briefly summarised as follows.

1. rigid rods: rapid force transmission and low loss.

2. springs: force transmission with some fluctuation
and hysteresis, the fluctuation and hysteresis effect
being related to the stiffness and damping coefficients
of the springs

3. Flexible ropes: the end tension is related to the
relative distance between the two ends of the flexible
ropes. Before the flex cable is stretched to its original
length, the end tension is mainly influenced by its
gravity; after the flex cable is stretched to its original
length, its end tension is mainly influenced by its
elasticity.

For the engineering application of flexure interaction,
we would prefer that the force-aware interaction meets
the natural fluidity requirements of the force-aware
interaction process, i.e. we would like the interaction
medium to be 'soft'. At the same time, we would like the
force information to be extracted and analysed in order
to better suit the movement of the blind, i.e. we would
like the interaction medium to be 'hard'. By comparing
the mechanical properties of these three interaction
media, we have chosen a flexible cable as the
force-aware interaction medium for a guide dog robot
and have carried out theoretical research on the
subject.

Since this paper has only done the preliminary
fundamental research for the force interaction medium
proposed in this paper, and still does not have the
integrity analysis of the actual engineering landing, we
plan to make a strong research demonstration on the
reliability and error of the model and other aspects of
the model in the further research in the future.
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