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Abstract: A tendon‐driven robot offers many advantages, such as easy designs for mass distribution
that facilitate dexterous motion. A procedure to design such a robot using a single actuator to
achieve the desired force direction and magnitude on an endpoint is presented herein. The force on
the endpoint is generated by the single actuator and a wire that passes through pulleys attached on
links. To set the pulley position for the desired force direction and magnitude, a geometrical
condition is proposed. To evaluate the proposed method, a physical monopod robot was developed.
We compared the calculated and physical forces on the endpoint of the physical robot for the desired
directions. Finally, we confirmed that the proposed method provided the desired force on the
endpoint without iterative trials.
Keywords: tendon‐driven robot; pulley position; operation of direction and amount of force at
endpoint

1. Introduction
Wire‐ or tendon‐driven robots whose joints are driven through a wire have been discussed
extensively in the field of robotics. Many manipulators and hands are driven by wires [1–5].
Higashimori et al. explained a wire‐driven mechanism wherein multiple joints are driven by a single
actuator [2]. An advantage of the wire‐ or tendon‐driven mechanism is that an actuator is set apart
from the joint. In a robot finger, the volume of the finger is limited, and it is difficult to set an actuator
to drive the finger joint in the finger link.
Some researchers have developed legged robots driven by wires [6–8]. In the tendon‐driven
mechanism, multiple joints are driven simultaneously by pulling a wire that passes through points,
e.g., pulleys attached on links. Therefore, the number of actuators, as well as the mass and inertia, of
the leg link can be reduced. Seok and Kim et al. indicated that the mass and inertia should be small
to swing the leg for faster locomotion [9]. For a jumping robot in which all joints are individually
driven by actuators, a large landing impact occurs due to the heavy mass of the actuators that causes
the joint and actuator to break. Meanwhile, a tendon‐driven mechanism with a small number of
actuators can avoid the generation of such a heavy landing impact.
The tendon‐driven mechanism has been extensively investigated; it typically involves setting
the pulley position symmetrical to the joint or the center of the link to facilitate a simple calculation
of the robot posture and force [10–12]. It has been indicated that the pulley position affects the robot
motion because the force of the wire is added to the pulley and the joint torque in a rotational joint is
changed by the pulley position. Higashimori et al. derived an equation for the tendon‐driven
mechanism that explains the relationship between the pulley position and each joint torque [2]. In
some studies, the pulley position or the wire routing have been determined by iterative trials [13–16]
because the mechanism of the motion is extremely complex; consequently, it is difficult to explain the
relationship between task performance and pulley position using a formula. Chen et al. optimized
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the position or radius of a pulley to obtain force equilibrium using a numerical model [13]. Though
this approach provides the optimized pulley position, it requires iterative trials that cause the joints
and pulley of a physical robot to break. Researchers have investigated the optimal pulley position
that provides the desired vertical force for the successful jumping of a one‐legged robot by analyzing
all possible pulley positions [14]. However, similar to the work of [13], iterative trials are required.
In this study, a single‐legged robot in which all joints were driven by a single actuator and a wire
passed through the robot was used. A model of the tendon‐driven mechanism was adopted by
revising the Higashimori tendon‐driven mechanism [2], and a geometrical condition to determine
the pulley position was derived. This method provides the desired force direction and magnitude on
the toe without iterative trials. It determines the pulley position by referring to a figure that indicates
the robot’s posture. Therefore, the position was simply and intuitively determined during the design
phase of the robot. To confirm the effect of the proposed method, this approach was applied to
vertical jumping that only required a vertical force to the ground. Furthermore, we demonstrated
that the direction of the force on the endpoint, or the toe in this study, could be arbitrarily determined
by setting the pulley position. For verification, a physical legged robot was developed, and the robot
was observed to verify whether it successful achieved vertical jumping. Additionally, we observed
whether the desired force was generated at the endpoint of the foot.
2. Robot Model
2.1. Framework and Tendon‐Driven Mechanism
Figure 1a shows the frame of the robot and driving mechanism, which is comprised of a single
actuator and wire set. Figure 1b shows the pulley position based on the coordinate system, Σ : The
origin was set on the tips of the foot; the Xk‐axis was set along the foot link; and the Yk‐axis was
perpendicular to the Xk‐axis. The model had four links, i.e., trunk, thigh, shank, and foot, as well as
three joints, i.e., hip, knee, and ankle. The lengths of the links are denoted by l1–l4, and the torques of
the hip, knee, and ankle are denoted by 𝜏 , 𝜏 , and 𝜏 , respectively. The angle is denoted by
𝜃 , 𝜃 , and 𝜃 . To derive the relationship between the pulley position and reaction force, the
coordinate system, Σ , was set as follows: The origin was set on the tips of the trunk, the Y0‐axis was
set along the trunk link, and the X0‐axis was set perpendicular to the Y0‐axis, as shown in Figure 1b.
The positions of the pulley and endpoint of the wire are labeled Pi (i = 0, 1, 2, 3), and the joints are
labeled Ji (i = 1, 2, 3). The point where the wire was attached to the actuator is P0, and the other
endpoint of the wire is P3. P1 and P2 were attached to the thigh and shank link, respectively. P0 is the
tip of the rod of the linear actuator, and the actual point moved when the linear actuator pulled the
wire. Because this paper discusses the force at the moment when the actuator drives and pulls the
wire and because the distance of the movement is short compared with the size of the links, we
assumed that point P0 did not move when the actuator was driven in the coordinate system, Σ . J1, J2,
and J3 correspond to the hip, knee, and ankle joints, respectively. ei (i = 1, 2, 3) is the unit vector of the
tensional force on pulley Pi, and T is the pulling force magnitude of the actuator.
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(a)

(b)

Figure 1. Joint configuration and position of pulley. (a) Wire, pulley, and joint configuration;
(b) Pulley position with respect to the coordinate system (Σk).

2.2. Mathematical Model
Figure 2a shows the relationship between the joint torques and force on the toe. The horizontal
and vertical forces generated by the joint torque are expressed as Fx and Fy, respectively. Following
the principle of virtual work, the relationship between the joint torque, τ , 𝜏 , 𝜏 , and (Fx, Fy)T, is
expressed as:
𝜏
𝐹
𝜏
,
(1)
𝛕
J R 𝐹 ,J
𝜏
where (x, y), which is the position of the toe in the coordinate system, Σ , is expressed as follows:
𝑙 sin 𝜃
𝜃
𝑙 sin 𝜃
𝜃
𝜃 ,
𝑥 𝑙 sin 𝜃
𝑦
𝑙
𝑙 cos 𝜃
𝑙 cos 𝜃
𝑙 cos 𝜃
𝜃
𝜃
𝜃 .
where R is the rotation matrix for addressing the force, (Fx, Fy)T in Σ ; it is expressed as follows:
sin Θ
cos Θ
R
,Θ θ
𝜃
𝜃
cos Θ sin Θ
The joints were driven by the force applied to the pulley. The joint torque was determined by
the amount of pulling force T, the length of moment arm between the joint and pulley, and the angle
between the moment arm and the direction of pulling force, as shown in Figure 2b. Higashimori et
al. derived the torques for such a tendon‐driven mechanism with a single wire and an actuator [2]. In
their study, the radius of the pulley was assumed to be nonzero, i.e., the pulley was assumed to have
a certain volume. For a simple expression, extremely thin pin‐shaped pulleys were used in this study,
and it was assumed that the radius of the pulley was infinitely small or approximately zero.
Following this assumption, the relationship between the pulley position and torques can be expressed
by modifying Higashimori’s equation as follows:
𝜏
𝐩𝟐 𝐣𝟐 ⨂𝐞𝟐
𝐩𝟏 𝐣𝟏 ⨂𝐞𝟏
𝜏
𝐩𝟑 𝐣𝟑 ⨂𝐞𝟑 ,
(2)
𝑇 𝐩𝟐 𝐣𝟐 ⨂𝐞𝟐
𝜏
𝐩𝟑 𝐣𝟑 ⨂𝐞𝟑
where 𝐩𝐢 (i = 1, 2, 3) is the position vector of P , 𝐣𝐢 is that of joint Ji, and ei is the unit vector from Pi
to Pi‐1 (see Figure 1a). The operator, ⨂, was used as follows:
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x ,𝑦

⨂ 𝑥 ,𝑦

𝑥 𝑦

𝑦𝑥 .

By combining Equations (1) and (2), the relationship between force (Fx, Fy) and pulley position
P can be explained.
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Figure 2. Mathematical model. (a) Posture and force; (b) Distance Ri.
2.3. Geometrical Condition for Desired Force Direction and Magnitude on the Endpoint
Considering that vector ei in Equation (2) is the unit vector, the term 𝐩𝐢
Equation (2) is deformed to the following:
𝐩𝐢 𝐣𝐢 ⨂𝐞𝐢 |𝐩𝐢 𝐣𝐢 | sin 𝜙 ≜ 𝑅 ,
(3)

𝐣𝐢 ⨂𝐞𝐢 (i = 1, 2, 3) in

where 𝜙 is the angle between 𝐩𝐢 𝐣𝐢 and 𝐞𝐢 (see Figure 2b). Therefore, the term 𝑅 is expressed
as the length between the lines of Pi−1 and Pi and the joint Ji. By expressing forces 𝐹 and 𝐹 as 𝐹
𝐹 sin 𝜉 , where 𝐹 is the magnitude of the force, i.e., 𝐹
𝐹
𝐹 , and 𝜉 is
𝐹 cos 𝜉 and 𝐹
direction of the force, as shown in Figure 2. The combination of Equations (1), (2), and (3) is expressed
as follows:
𝑅
𝑅
cos 𝜉
𝑅
𝑅
,
(4)
𝐾J R
sin 𝜉
𝑅
where K = ‐F/T is the ratio of the pulling wire force, T, and the force magnitude, 𝐹. By determining
𝜉, which depends on the behavior type such as vertical jumping, Ri (i = 1, 2, 3) was calculated.
Considering that Ri is the distance from the joint to line Pi–Pi‐1, line Pi–Pi‐1 was determined by
calculating Ri such that the line was tangent to the circle whose radius was Ri and whose origin was
joint Ji, as shown in Figure 2b. From the third row, length R3 was obtained when K and joint angles
were determined. From the second row, R2 was automatically obtained. From the first row, R3 was
obtained. Because the positions of terminal points, P0 and P3, were fixed, the positions of P1 and P2
were constrained by the conditions of R1, R2, and R3. Using such geometrical conditions, the pulley
position that generated the desired force on the toe can be derived as follows:
1.
2.
3.
4.
5.

Set angles θ (i = 1, 2, 3) that satisfy the condition of the behavior.
Calculate the constant value, 𝐾 = −𝐹/𝑇, by determining 𝐹 and 𝑇.
Set circle Ci (i = 1, 2, 3), whose radius is Ri and center is joint Ji (see Figure 3).
Set line t1 that is tangent to circle C1 and passes through P0. t1 is the set of candidates of pulley
positions P1.
Set line t3 that is tangent to circle C3 and passes through P3. t3 is the set of candidates of pulley
positions P2.
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6. Pulley position P1 is determined on line t1, or position P2 is determined on line t3.
6‐1. When P1 is determined, line t2 that is tangent to circle C2 and passes through P1 is set, and P2 is
determined as the intersection point of t2 and t3.
6‐2. When P2 is determined, line t2 that is tangent to circle C2 and passes through P2 is set, and P1 is
determined as the intersection point of t1 and t2.

P0
P1

R1

C1

J1

t1

C2

t2
R2

J2
P2

t3

R3

P3

J3

C3

Figure 3. Circle Ci and tangential line ti.

In procedure 1, the joint angles depend on the task, such as jump and walk, that is explained in
the next section. In procedures 6‐1 and 6‐2, the pulley position that is on line t1 or t3 can be
investigated by referring to the design of the robot, such as the link size.
2.4. Configuration of Physical Robot
Figure 4a shows a developed prototype of the single‐legged robot for evaluating the proposed
method. The links were made of light acrylonitrile butadiene styrene (ABS) and polylactide (PLA)
using a 3D printer (XYZprinting Da Vinci 1.0 pro, Taiwan). The actuator was a pneumatic cylinder
(SMC CDUJB6‐20DM, Japan) that generated a tensional force of T = 10.0 N when the pressure of the
supply air was 0.7 MPa. The lengths of the trunk, thigh, shank, and foot were 0.135, 0.11, 0.1, and 0.03
m, respectively, i.e., l1 = 0.135, l2 = 0.11, l3 = 0.1, and l4 = 0.03 m. The pulley position P0 corresponding to
the point generating the tensional force by the actuator and the pulley position P3 corresponding to
the terminal point of the wire attached on the foot were set as (‐0.04, 0.275) [m] and (‐0.06, 0.0) [m],
respectively, when the joint angles were θ
0.0, 𝜃
0.0, and 𝜃
rad. Before supplying air to
the actuator, three boards were attached to maintain the joint angles. These boards were separated
after air was supplied; subsequently, the joints were driven. Figure 4b shows the configuration of the
prototype. Note that the wire was not secured tightly for demonstration purposes. The wire and
pulley were made of nylon and wood, respectively. It was assumed that no friction existed between
the two.
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(a) Side view.

(b) Configuration of prototype.

Figure 4. Developed three degree of freedom tendon‐driven robot. (a) Side view; (b) Configuration of
prototype.

The force exerted on the toe was measured using a force scale and strain gauge. Figure 5 shows
the measurement setup. The horizontal force, Fx, was measured using the strain gauge (Nitta A201‐
1, Japan) attached on the toe, whereas the vertical force, Fy, was measured using the force scale. The
maximum measurement load of the strain gauge was 4.4 N, and the nonlinear resistance to the load
was measured using the 10‐bit A/D converter of the microcontroller (Arduino Mega2560). Because
the joint was driven and the robot moved when air was supplied to the pneumatic actuator, the robot
was constrained using the gauge.

Figure 5. Experimental setup.

3. Realization of Vertical Jumping
3.1. Condition for Vertical Jumping
To validate the proposed procedure that generates a force toward the desired direction, we
investigated vertical jumping. The jumping motion has attracted significant attention. Some studies
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have focused on insect jumping [17] and animal jumping [18]. Based on their body structures, it was
discovered that the legs driven by muscles were constructed from the unique shape of the exoskeleton
or bone [19,20]. This suggests that an appropriate combination of tendon‐driven muscles and a flame
structure provides a dexterous motion. Therefore, the structure of the robot flame is important in the
tendon‐driven mechanism to achieve successful motion.
To realize jumping using the proposed monopod mechanism, some assumptions were adopted:
(i) The model was constrained on the sagittal plane; (ii) the interaction between the robot and ground
occurred instantly, and the joint angles were not changed during the lifting off motion; (iii) and the
reaction force was added at the toe. Furthermore, we assumed that the link moments were ignored.
Following assumption (iii), the reaction force on the toe should be vertical, and the projection of the
center of mass (CoM) on the ground should correspond to the toe; otherwise, the robot will tumble
while it is in the air. To set the CoM on the ground, joint angles 𝜃 , 𝜃 , and 𝜃 were determined. The
joint angles were determined such that the projection of the CoM was on the toe. The angles were
then set as 𝜃
1.07, 𝜃
‐1.10, and 𝜃
2.16 rad.
By following the procedure mentioned above, the force magnitude and direction on the toe can be
designed. When the robot jumps vertically, the force should be vertical by setting the CoM over the toe,
as mentioned above. In this case, the direction of the force, 𝜉, is rad, and Equation (4) is expressed as:
𝑅
𝑅

𝑅
𝑅
𝑅

𝑙 cos 𝜃
K

𝑙 cos 𝜃
𝜃
𝑙 cos 𝜃
𝑙
𝑙

𝑙
.

(5)

By using Equation (5) and the procedure mentioned above, the pulley position can be determined.
3.2. Numerical Solution of Pulley Position
By setting joint angles, θ , θ , and θ , and pulley positions, P0 and P3, the geometrical
conditions of P1 and P2 were determined by setting the vertical force, Fy. Figure 6 shows circle Ci and
tangential line li when force Fy was ‐7 N (Figure 6a), ‐4 N (Figure 6b), and ‐2 N (Figure 6c). T was fixed
as 10 N. As shown in the figures, circle Ci and tangential line li depend on vertical force Fy and
tensional force T. Table 1 shows the relationship between vertical force Fy and each of the radii of
circles C1, C2, and C3.

(a) Fy = ‐7 N

(b) Fy = ‐4 N

(c) Fy = ‐2 N

Figure 6. Circle Ci and tangential line li depending on the vertical force, Fy, and tensional force, T (T
is fixed as 10 N). (a) Fy = ‐7 N; (b) Fy = ‐4 N; (c) Fy = ‐2 N.
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Table 1. Relationship between vertical force Fy and each of radii of circles C1, C2, and C3. Tensional
force T was fixed as 10 N. Units of Fy and the radius are [N] and [mm], respectively.

Fy
−9.0
−8.0
−7.0
−6.0
−5.0
−4.0
−3.0
−2.0
−1.0

C1
27.6
24.5
21.4
18.4
15.3
12.2
9.2
6.1
3.1

C2
3.9
3.5
3.0
2.6
2.2
1.7
1.3
0.9
0.4

C3
24.6
21.8
19.1
16.4
13.6
10.9
8.2
5.5
2.7

3.3. Experiment (1): Measurement of Vertical Force
To confirm the relevance of the pulley position that was determined based on the desired vertical
force, the force was measured. The pulley position was calculated following the previous procedure
using the desired force, Fy (Fy = ‐6.5, ‐6.8, and ‐8.4 N). The force was measured via the scale under the
foot assuming that the force was generated on the toe. The tensional force, T, was 10 N. Table 2 shows
the pulley position determined using the vertical force, and it shows the measured vertical force and
the relative error between the desired and measured forces. As shown in the table, the measured
vertical force almost matched the desired force. In the measurement, it was confirmed that the foot
did not slide on the scale, i.e., the horizontal force, Fx, did not occur.
Table 2. Pulley position that provides desired vertical force and measured force.

Desired Fy [N]

xk [m]

yk [m]

xh [m]

yh [m]

‐6.5
‐6.8
‐8.4

‐0.03
‐0.01
‐0.03

0.09
0.09
0.10

‐0.01
‐0.03
‐0.04

0.24
0.23
0.23

Measured
Fy [N] (rel. Error [%])
‐6.1 (6.2)
‐6.5 (4.4)
‐8.4 (0.0)

3.4. Experiment (2): Vertical Jumping
By setting the pulley position, robot jumping was observed. Figure 7a shows a successful
jumping when the pulley position was set following the proposed geometrical conditions: (xk, yk) =
(‐0.01, 0.09) [m], (xh, yh) = (‐0.03, 0.23) [m], and Fy = ‐6.8 N. For comparison, another pulley position
that did not follow conditions ((xk, yk) = (‐0.01, 0.06) [m], (xh, yh) = (‐0.03, 0.23) [m]) was tested. The
jumping motion is shown in Figure 7b. As shown in Figure 7a, the knee joint lifted up to the vertical
direction. This indicates that the force occurred toward the vertical direction, and then the robot
jumped. Meanwhile, as shown in Figure 7b, the knee joint did not lift up toward the vertical direction,
and it moved toward the horizontal direction. This indicates that the horizontal force occurred on the
toe, and then the robot failed to jump. By referring to the length of the link, such as l3 = 0.1 m, Figure
7a shows that the moving distance of the knee joint was approximately 33.5 mm, whereas Figure 7b
shows that the moving distance of the joint was approximately 40.4 mm.
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(a) Successful jumping.

(b) Failed jumping.

Figure 7. Jumping experiment. (a) Successful jumping; (b) Failed jumping.

4. Generation of Force Toward Desired Direction
In the previous section, the horizontal force, Fx, was set to zero for the vertical jumping. In this
section, we confirm that the desired force direction on endpoint ξ was determined, as was ξ
in
the previous section, by setting the appropriate pulley position. First, the direction of force ξ was
set; joint angles 𝜃 , 𝜃 , and 𝜃 were set; and the pulley position was calculated based on the
procedure explained in Section 2. In this section, joint angles 𝜃 , 𝜃 , and 𝜃 were set to the values
used for the vertical jumping case because only the direction of the force on the endpoint and foot
tips was discussed, and it could be generated by any posture. Figure 8 shows the trajectory of the
measured horizontal force, Fx, when the desired forces was set to 0.25 N (Figure 8a) and 0.8 N (Figure
8b). Air was supplied into the actuator at an appropriate moment (approximately at 5 s. As shown in
Figure 5, the vertical force was measured using the scale, and the horizontal force was measured
using the gauge. The measurement interval was 0.1 s. As shown in the figure, the measured force
converged into the desired force in each measurement. Immediately after supplying the air, the
measured data did not indicate the desired value because the posture of the robot changed and a
certain amount of time was required before a steady value was achieved. Because no spring–damper
element existed between the foot and measurement equipment, the physical force explained in the
previous section was expected to output the desired force immediately after air was supplied into the
actuator.

(a) Fx = 0.25 N.

(b) Fx = 0.8 N.

Figure 8. Measured and desired force Fx (0.25 and 0.8 N, respectively). (a) Fx = 0.25 N; (b) Fx = 0.8 N.

Additional experiments were conducted when the desired forces, Fx, were set 0.3, 0.4, and 0.5 N,
as well as 0.25 and 0.8 N. First, the set of diagonal forces, Fx and Fy, or that of the force magnitude, F,
and the tangential angle of the force, ξ , were determined. In this experiment, Fx and Fy were
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determined. Subsequently, the pulley position was based on the procedure explained in Section 2.3.
Table 3 shows the desired forces, Fx and Fy, and the tangential angle ξ obtained by calculating ξ
, corresponding position of pulleys, measured forces, and relative error between the desired
tan
and measured forces. The measured forces were obtained by recording and averaging 20
measurement values (2 s) before the measurement was halted. As shown in the table, the measured
Fx and Fy matched the desired forces.
Table 3. Pulley position that provides desired forces and measured force.

Number
1
2
3
4
5

Desired Fx [N]
Fy [N]
0.25
−5.8
0.3
−5.5
0.4
−7.1
0.5
−7.0
0.8
−4.4

𝛏
[rad]
1.53
1.52
1.51
1.50
1.39

xk [m]

xh [m]

yk [m]
−0.02
0.09
−0.01
0.08
−0.02
0.09
−0.01
0.08
−0.01
0.08

yh [m]
−0.04
0.23
−0.01
0.24
−0.05
0.24
−0.05
0.24
−0.04
0.24

Measured
Fx [N] (rel. Error [%])
Fy [N] (rel. Error [%])
0.26 (4.0)
−5.9 (1.7)
0.31 (3.3)
−5.7 (3.6)
0.44 (10.0)
−7.1 (0.0)
0.51 (2.0)
−5.9 (15.7)
0.83 (3.8)
−4.3 (2.3)

5. Conclusions
Herein, the geometrical condition of a tendon‐driven mechanism was derived. Based on
specified conditions, the procedure to determine the pulley position for generating the desired angle
and magnitude of reaction force on the toe was proposed. To achieve the desired angle and force
magnitude, Higashimori’s equation of the wire‐driven mechanism by a single actuator was adopted
and revised. The equations to generate the desired horizontal and vertical forces were derived. To
evaluate the proposed method, we analyzed vertical jumping. The conditions of vertical jumping
were as follows: The projection of the CoM before jumping was set on the toe, and a horizontal force
should not be generated. For the first condition, the posture of the robot was determined. For the
second condition, the proposed approach was applied by setting a vertical force angle, i.e., the
horizontal force was set to zero, and the pulley position was determined by setting the magnitude of
the desired vertical force. In the experiment, a single‐legged robot driven by the single pneumatic
actuator and wire was developed. The pulley was set based on the proposed approach, and it was
confirmed that the measured and designed vertical forces matched. The robot achieved vertical
jumping. To evaluate a general situation, the proposed approach was applied to realize the desired
direction and magnitude of the force. In the physical experiment, it was confirmed that a force
occurred toward the desired direction and magnitude of the force by setting the appropriate pulley
position. By using this method, a robot driven by a single actuator and wire is expected to accomplish
many tasks, enabled by the appropriate pulley position based on the task.
However, the proposed method has some limitations. We assumed that the radius of the pulley
was negligible for simplifying Higashimori’s model. Therefore, a force error can occur when the
radius of the pulley cannot be ignored. This does not guarantee that all derived positions are within
the area of the link, i.e., a certain pulley is far from the joint. The arrangement of the pulley in which
the tendon is in contact with the link should be avoided. This paper did not discuss the friction
between the pulley and tendon, i.e., the materials used for the tendon and pulley were not mentioned.
Based on a study by Lai et al. [21], it is known the friction between the pulley and tendon is crucial
for tension transmission. They will be discussed as an extension of the proposed method in the future.
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