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INTRODUCTION

Tendons or in general cables are used in many
mechanical devices for many years. Since the 19™
century, the application of cables has been studied in
robotics and hence, several tendon-actuated
mechanisms have been developed. Tendon driven
mechanisms (TDM) are widely used in many

applications like rehabilitation robots or prosthetic
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hands.' Their lightweight structure and flexibility bring
them the capability of performing complicated tasks.
One of the characteristics that make the TDM special is
that the actuators could be placed away from the end
effector. This feature contributes to reducing the size
and the weight of the mechanism and leads to a delicate
design. Even though there are other types of
mechanisms like parallel linkage that could be useful in
similar applications,” their bulkiness is a drawback
when size and weight are of the essence. In other cases,
the combination of servo-motors and gear transmissions
are used as the actuation system.® Although this method
results in an acceptable output precision, the design
bears the same downside of the parallel linkage.

Tendon traction is a unilateral force, therefore, driving
TDM joints in contradictory directions requires at least
a pair of tendons. There are different approaches
towards handling the driving tendons in TDM. Using
active and passive tendons is an effective way in
designing of the under-actuated systems like bionic
fingers* in which the passive tendons held tautly by
springs. On the other hand, there are TDMs which
active stiffness control systems (ASCS) are used in
order to prevent slacking in the tendons.” Jacobsen et al.
designed and developed a dexterous hand,® Ogane et al.”
introduced the design and control method for a 7 DOF
tendon-driven robotic arm with no linear spring
tensioning devices, Kobayashi et al.® presented an
adaptive neural network control system for TDMs with
elastic tendons all utilizing ASCSs. The active stiffness
control system, though effective in keeping the tendons
taut could cause complexity in control methods and
also, add to the computation load. Etemadi et al.’
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presented a control algorithm, which can be used to
control this system as well. The algorithm is suitable for
nonlinear systems and uses the PSO method in inner

loops. Mahmoodabadi et al."’

proposed another control
method, which also uses evolutionary algorithms inside
the control loop and is capable to handle nonlinear
systems like this. Both algorithms shown good
performance in controlling complicated nonlinear
systems.

Non-circular pulleys (NCP) could introduce non-linear
behavior to the system. On the other hand, they can also
be used to linearize the non-linearity present in a
system. Schmit and Okada synthesized a device to
realize a non-linear rotational spring from the
combination of a non-circular spool and a linear
translational spring.!' They showed that for a given
relation between torque and angle, there is a specific
shape for the non-circular pulley to generate this

function. NCPs could also be useful in situations where

workspace limitations and torque capacity restrictions
are present in TDM. Shin et al. exploited NCPs in
combination with pneumatic artificial muscles (PAMs)
to improve the position tracking performance in human-
friendly robots.'> Besides, Shin et al."* analyzed and
introduced an optimal design strategy for circular and
variable radius pulleys to improve torque capacity in
systems utilizing PAMs. Endo et al.'"* developed a
weight compensation mechanism with NCP and spring
for an inverted pendulum. Ulrich et al."® proposed a
method employing non-circular pulleys to accomplish
passive gravity compensation. In this paper, a novel
design has been introduced in order to drive a planar 1
DOF joint. A non-circular pulley has been specifically
devised as a mean to steer the joint in two directions.
of the
mechanism have been optimized so that the tendons
have minimum tension and the NCP profile has been

Furthermore, the geometrical parameters

derived accordingly.
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Fig. 1: The tendon-driven mechanism with the compound non-circular pulley.

Table 1: Geometrical parameters of mechanism.

Parameter Description

R or OC The length of the joint

BC,CD The distance of the pins to the
joint’s end

EB, ED, OE, OD, EF, Geometrical parameters of the

BG, vy, v, @, D, D1 mechanism

n The radius of the circular
pulley

£ The radius of the non-circular
pulley at a specific a

a Rotation angle of the pulley

0 Rotation angle of the joint

MATERIALS AND METHODS

Mechanism Demonstration
The TDM in this paper is a 1 DOF joint driven by two
tendon strings. The tendons are wounded in opposite

direction around two separate pulleys which rotate
together. One of the two pulleys is a regular circular one
but the other one’s profile is calculated according to the
relationships between the geometrical parameters of the
mechanism. Two small pins located at each side of the
pulley, guide the tendons to be attached to the end of the
1 DOF member (OC). In this paper, the joint angle
boundaries assumed to be [—30° +30°]. Table 1
introduces the various parameters of the mechanism.

Profile Deriving Algorithm

The algorithm that derives the profile shape of the
pulley is based on the geometrical analysis of the
mechanism. The strategy to obtain the pulley profile is
based the on segregation of the pulley rotation and the
geometrical relationship between the components of the
mechanism which dictates the pulley radius in each
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increment of the rotation. The pulley consists of two
different parts. The first part is a circular pulley with
constant radius (P/); the second part is a non-circular
pulley (P2) which its profile is determined by the
geometry of the mechanism. These two parts rotate
together as they are both attached to the same axis.

As the pulley rotates, the circular pulley releases the
tendon. The length of the released tendon can be easily
calculated as follows; eq. (1):

L=ria (1)

where L is the length of the released tendon, r; is the
radius of the circular pulley and a is the amount of
pulley rotation. This length will be added to the BC side
and consequently the joint pivots. Solving eq. (2) for
theta results in the angle of the joint.

BC +ra = J(Rsin(8) + EB)? + (R cos(6) + OE)? 2

The rotation of the joint deduces the length of the CD
side. The length of the CD can be calculated from eq.

).

CD = /(Rsin(8) — ED)? + (R cos(6) + OE)? A3)

The extent of the reduction in the CD side equals the
tendon length wounded around the non-circular pulley.
The radius of this pulley in each increment of a is
obtained by solving eq. (4).

CDi-CDi-1=r2 4

By drawing the calculated radii respecting to the
corresponding alpha, the non-circular profile of the
second pulley could be revealed.

Kinetic Analysis

To obtain the tension in the tendons, a kinematic
assessment has been performed. In order to model the
force that the environment exerts to the OC member, an
imaginary F, force is considered to act at the tip of OC.
Since OC is a two force member, the parallel component
of the force will be neutralized by the reaction force of
the O joint. Hence, the force is assumed to be
perpendicular to the OC member. The equilibrium
equations for the member give us the eq. (5).

Fe+ Tisin(yr) — Tasin(y2) = 0

®)
Ticos(y1) + Tacos(yz) — Fo=0

The three unknown parameters are 7, 7>, and Fo.
Considering there are only 2 independent equations, the
system is under-constrained. Since 7' tendon acts as a
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resistant force to the actuator, therefore the tension in
the 7, tendon assumed to be equal to zero. This
assumption is based on the fact that as a result of F.
force, a small deflection will occur in the 7> tendon.
Hence, the joint would rotate slightly in the direction of
the Fc and consequently would slack the T just enough
to diminish the tension to zero. This assumption leaves
us with only two unknowns. By Solving the equations
the tension in the 7> tendon can be can be simply
calculated by eq. (6).

T>= F/sin(y,) (6)

Fig. 2: The TDM joint member free body diagram.

Friction Analysis

Friction plays an important role in the performance of
robotic systems. They can prompt position faults, slip-
stick and wvarious restrictions in the mechanical
apparatuses. Friction analysis contributes to the better
recognition of the limitations of the system and how to
improve the mechanism performance.

In this project, though the friction could affect all the
moving parts of the mechanism, the significant friction
forces are caused by the B and D guides (Fig. 3). These
guides are designed to be circular pins and the tendon
could be wrapped around them to be guided to the point
C. According to the capstan equation, the friction force
of a wounded flexible line around a cylinder can be
calculated by eq. (7).

Ty = Toe"? (7

In eq. (7), Tais the tension of the CD part of the tendon.
This tension is equal to the force calculated in I1I-A and
compensates the external F. force. T is the tension of
the FD part, which is wounded around the pulley and
transfers the force generated by the actuator, p is the
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friction coefficient and ¢ is the angle swept by the
tendon around the pin. As it can be inferred from the
capstan equation, the friction force has an exponential
relationship with the friction coefficient and also the
angle swept by the tendon around the pin. As a result,
the tendon tension varies with the rotation of the joint.
The ¢ angle is obtained from eq. (8), derives the profile
shape of the pulley.

¢=m— 4D (8)

p=m—(tan " EE 4sinT' 22 + T — 7y +0)

(NE

Based on the capstan equation, increase in the ¢ angle
increases the friction force exponentially. The ¢ angle
has an inverse relationship with the D Angle. The
variation of these angles could be seen in Fig. 4. The
capstan equation is used to calculate the tension in the
FD part of the tendon at every angle of the pulley.
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Fig. 4: The ¢ and D angles variation vs pulley angle.

Position Error Analysis

Elastic deformation can cause errors in mechanism such
as elastic deformation error of kinematic mechanism
machine tool.'® ' The precision of the 1 DOF joint
could be affected by the deformation of different parts
of the mechanism. Since this mechanism doesn’t have

any controller to operate, the effect of this deformation
would show itself directly. Considering the fact that in
this mechanism, the 7> tendon must be flexible to
operate properly and it is responsible for transmission
of the force and motion, this tendon is more susceptible
to deformation than other parts of the mechanism.
Hence, the deformation of the other parts of the
mechanism is considered negligible compared to the
elongation of the tendon. The physical characteristics of
the tendon are listed in Table 2.

Table 2: Physical properties of the tendon.

Parameter Symbol Value
Young’s modulus E 3 GPa
Diameter D 4 mm

The extent of elongation in the tendons can be
calculated by the following eq. (9).
TL
= )

A AE
In eq. (9), T is the tension in the tendon, L is the length
of the tendon, A4 is the cross-section area of the tendon
and £ is the Young’s modulus. By utilizing this
equation, the elongation of the tendon is illustrated vs
the angle of the pulley.
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Fig. 5: T tendon elongation vs pulley angle.

As it could be predicted, the elongation of the tendon
diagram resembles the tension diagram of the tendon as
a result of the direct relationship between these
parameters. Moreover, since the length of the tendon is
greater in the negative quantities of the pulley angle, the
elongation graph of the tendon rises in these regions.
The elongation of the tendon causes slight rotation in
the 1 DOF joint. Fig. 6 illustrates the error induced by
the tendon strain. The point C shows the original
position of the member’s tip whereas the point C’
indicates the position of the tip after tendon elongation.
The extent of joint rotation as a result of this error could
be derived by solving eq. (10).

DC+ CO+ 0D=0 (10)
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Eq. (10) results in the system of eq. (11).
(1

{—DCO cos(D1 — AD1) — C00sin(6 — AG) + ED = 0

DCO sin(D1 — AD1) — €00 cos(8 — AB) — OE = 0

Solving the above-mentioned system of equations
derives the Af which is the joint rotation error.

Elongation
e
M
/// 4 ".5
v \lap .
B /-% B . __E_Hl_.r"iD

E

Fig. 6: The error caused by the elongation of the tendon.

Optimization

Many optimization techniques such are possible in this
area while there are several considerations regarding the
design of a These
considerations depend highly on the application and
limitations of the TDM which in this case, an optimum

tendon-driven mechanism.'®

design would result in a light, dexterous and reliable
TDM. To make the mechanism lighter, the actuator
must be as light as possible while generating enough
power. The power required by the actuator has a direct
relation to the tendon tension. Hence, minimization of
the tendon tension by adjusting the geometrical
parameters of the mechanism is the purpose of the
optimization. The above-mentioned optimization also
contributes to reducing the inaccuracy of the position
error and the risk of rupture in the tendons. The
objective function for the optimization has been defined
to be the maximum value of the tension obtained for the
Tendon T5. As its clear from the 6, the tension in 7> has
an inverse relation to the sin(y;). The effective
parameters on the amount of y, are the lengths of R, ED,
and OE. The boundaries assumed for the optimization
procedure of these parameters are according to Table 3.
These boundaries are selected based on the outcome of
several executions of the algorithm to find the ranges
for logical results. Since most of the applications of the
TDM, like bionic hands tend to have narrow structures,
a linear inequality was desirable between the R and ED.

SciEng

The optimization has been conducted regarding eq.

(12).

1
EB <R (12)

Table 3: Boundaries for effective optimization parameters

Parameter Symbol Lower Upper
boundary  boundary

OC Length R 1 3

ED Length ED 0.3 1.5

OE Length OE -0.4 0.5

The optimization has been performed using the Genetic
Algorithm (GA). This algorithm has been selected
because it could be used to find the global minimum
value of a constrained multi-variable function. The GA
parameters are adjusted so that the best result could be
obtained within a limited number of iterations. The
the best
geometrical parameters of the mechanism in order to
have minimum tension in the 7> tendon. Fig. 7

optimization revealed values for the

illustrates the variation of the mean value of GA
chromosomes during 6 generations. The fitness function
which is the maximum value of the tension in the 7>
tendon converged and the corresponding values for the
optimization parameters has been found.
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* Mean fitness
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Fig. 7: The variation of the mean value of G4 chromosomes in
each generation during the optimization procedure.

RESULTS AND DISCUSSION

The profile of the NCP with the optimized parameters
is illustrated in Fig. 8. The obtained values for the
optimization parameters are listed in Table 4.

Table 4: Optimization results for parameters.

Parameter Symbol Optimum value
OC Length R 1.0
ED, EB Length ED, EB 0.5
OE Length OF -0.4

The optimization results show that the best values for
three optimization parameters are located at the
boundary. The optimum value for R is 1 which is the
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lower boundary of this parameter and as a result of the
inequality condition of 12, the maximum value of the
ED could only be equal to 0.5. The best value for OF is
also its lower boundary. The objective of the
optimization was to minimize the maximum amount of
the T» traction. Fig. 9 illustrates the variation of 7>
tension with pulley angle.
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Fig. 8: The calculated optimum profile of the non-circular pulley.
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Fig. 10: Joint rotation error vs pulley angle.

The maximum tension occurs at the negative limit of the
pulley angle. Based on the position error analysis, the
variation of the rotation error, Af, is calculated which is
displayed in Fig. 10. The rotation error diagram of the
joint shows that the maximum error occurs in the
negative limit of the pulley angle similar to the
maximum tension. In addition to that, the length of the
tendon has its utmost size in this position, which makes
this orientation of the mechanism critical.

The position error analysis results show that the
optimization process with the objective of minimizing
the tendon tension enhances the precision of the
mechanism too and reduces the amount of joint position
error. The optimum mechanism is illustrated in Fig. 11.
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Fig. 11: The tendon-driven mechanism with the optimized
parameters (ED, EB=0.5 and OC = 1).
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A model has been built, based on the parameters of the
optimum mechanism. The mechanism pulley, as it
mentioned earlier consists of a variable radius part and
a circular one. Utilizing this pulley together with the
optimized mechanism result in best performance with
the least amount of error in the 1 DOF joint. The
mechanism and the synthesized pulley (Fig. 12) have
been tested for accuracy and the results from the
experiment has been compared to the algorithm
outcome in Fig. 13. The test results show acceptable
precision throughout the course of the joint rotation.

Fig. 12: The TDM test model and the synthesized compound pulley.
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Fig. 13: The comparison of the synthesized model test result and the
algorithm result.

CONCLUSION

In this paper, the design and optimization of a single
motor tendon-driven mechanism have been presented.
The algorithm leading to the profile of the non-circular
pulley has been introduced. This design provided a
methodology for linearization of the relationship
between the pulley and joint angle in the TDM. The
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