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This study proposes a multi-objective optimization method for tendon-driven arm design, addressing the inherent
trade-off between joint torque and arm thickness through tendon wrapping and shortcut effects. We formulate
the problem to simultaneously maximize torque and minimize thickness, solved using NSGA-II. The algorithm
optimizes tendon routing, pulley configurations, and attachment points. Results reveal Pareto-optimal designs
with effective moment arm expansion via strategic shortcuts, providing practical guidelines for compact high-
torque arms. The optimized configurations demonstrate non-trivial patterns beyond conventional design intuition,
offering new insights for engineering efficient robotic systems.
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1. Introduction

Thus far, various tendon-driven robots have been developed. Among these, musculoskeletal humanoid
robots such as ECCE1[1], Anthrob[2], Kengoro[3], and Musashi[4] represent bio-inspired designs, while
non-biomimetic wire-driven systems like Super Dragon[5], SAQIEL[6], and Twist Snake[7] have also
been investigated through research and development efforts. Among these diverse forms, this study fo-
cuses on serial-link tendon-driven arms with pulleys, where high joint torque is required under space-
limited conditions. This class includes both musculoskeletal and non-biomimetic wire-driven systems,
and in such systems the tendon-routing geometry strongly influences torque capability and arm thick-
ness. Therefore, our scope is defined by routing geometry rather than by a specific actuation source.

Tendon-driven systems offer several advantages. First, increasing the moment arm enables torque am-
plification. Additionally, separating actuation units from joints enhances design flexibility in robotic con-
figurations. Furthermore, control benefits include variable stiffness control [8] and redundancy against
tendon failure [9]. However, maximizing these advantages requires careful consideration of tendon
placement. Designing robots that fully exploit tendon-driven mechanisms is therefore non-trivial. Specif-
ically, elements such as tendon pathways and pulley design significantly influence overall robotic per-
formance. Consequently, designers must meticulously evaluate these factors to achieve optimal system
configurations.

∗Corresponding author. Email: kawaharazuka@jsk.imi.i.u-tokyo.ac.jp

1

https://doi.org/10.1080/01691864.2026.2723650


Thickness

Joint Torque

Multi Purpose Optimization Generated Design

✓Slim
✗Low joint torque

✓High joint torque
✗Fat

Wrapping Shortcut

Figure 1. The overview of this study. Design optimization of tendon-driven arms that take advantage of tendon wrapping and shortcuts through
multi-objective optimization that considers trade-offs in joint torque and arm thickness.

Based on these considerations, studies have explored methodologies for optimizing tendon configu-
rations. Tsai et al. [10] proposed an isotropic design method for tendon-driven manipulators to ensure
uniform force transmission characteristics, providing fundamental design guidelines for tendon routing.
In [11], for the leg section of a musculoskeletal robot, the muscle pathways per pulley were analyzed
and optimized; however, this study fixed the moment arm and did not account for changes in moment
arms due to joint angle variations. [12] further optimized tendon configurations by determining optimal
positions for start points, endpoints, and intermediate via-points of tendons during operation, explicitly
considering dynamic changes in moment arms caused by joint movements. However, among methods
to amplify moment arms more effectively, designs that leverage tendon wrapping around pulleys and
tendon shortcuts are notable. In such designs, moment arms are maintained through tendon-wrapping on
pulleys. Additionally, tendon shortcuts—caused by angular changes in joints—further expand the effec-
tive moment arm beyond the pulley’s radius, thereby enhancing joint torque. Despite their potential, opti-
mization studies incorporating these phenomena remain limited in prior research. This is likely due to the
computational complexity involved: calculating tendon pathways for each joint angle while accounting
for wrapping and shortcut transitions requires intricate modeling. Furthermore, practical challenges arise
in robotic arm applications. Tendon shortcuts can increase arm thickness, restricting achievable poses
and operational workspace. For robots like [5], which operate in extremely confined spaces, minimizing
arm diameter is critical to ensure maneuverability. Thus, designs exploiting tendon wrapping/shortcuts
face a trade-off between increasing joint torque and reducing arm thickness. Engineers must navigate
this dilemma: maximizing torque through dynamic moment arms inherently conflicts with the need for
slender arms in narrow operational environments. This necessitates innovative solutions to simultane-
ously optimize torque enhancement and compact design—a central challenge in tendon-driven robotic
systems.

Based on these considerations, this study proposes a design optimization method incorporating tendon
shortcuts for serial-link tendon-driven arms with pulleys. Specifically, we address two objectives:

(1) Enhancing joint torque by leveraging moment arm enlargement caused by tendon shortcuts in the
tendon pathways, and

(2) Minimizing arm thickness by preventing excessive tendon shortcuts.

To achieve these goals, this research conducts a multi-objective optimization of tendon configurations
and routing designs, explicitly modeling both torque enhancement via shortcut-induced moment arms
and geometric constraints to avoid unnecessary arm thickening. The effectiveness of the proposed
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method is demonstrated through evaluating optimized design candidates generated under these dual
objectives.

The following sections outline the structure of this study. Section 2 describes the design parameters
of the tendon-driven arm to be optimized, explains computational methods for tendon pathways and
muscle length Jacobian, details evaluation methodologies for joint torque and arm thickness, and out-
lines the multi-objective optimization framework employed. In Section 3, we conduct multi-objective
optimizations by varying the number of joints and tendons in the system, presenting the results of these
optimizations. Section 4 critically examines the optimization outcomes to demonstrate the effective-
ness of our proposed method through systematic analysis. Finally, concluding remarks summarizing the
study’s contributions are provided in Section 5.

2. METHOD

2.1 Overview of Optimization

The problem formulation of this study is described as follows. In this research, we address an op-
timization problem concerning tendon configurations in a two-dimensional serial-link arm driven by
multiple tendons. Specifically, maximizing the distance between each tendon and joints—the moment
arm—enables enhanced capability to generate joint torque. Achieving this objective necessitates care-
ful design of tendon configurations. For instance, increasing the moment arm can be achieved not by
wrapping all tendons around every pulley but rather through strategically shortcutting certain pulleys.
However, this short-cutting of tendons also results in an increase in the overall thickness of the arm.
This creates a trade-off between improving joint torque and minimizing arm thickness. This study for-
mulates an optimization problem for tendon configurations while explicitly considering this trade-off
relationship.

2.2 The design parameters of the arm model

In this section, we describe the design parameters and model configuration of the arm subject to this
study. The number of joints is denoted as Njoint ∈ N, and the number of tendons as Ntendon ∈ N. In
Figure 2, a specific example with Njoint = 3 joints and Ntendon = 5 tendons is illustrated. Arm links
are sequentially named from proximal to distal as link0, link1, . . . , linkNjoint . The length of each link
is represented by Li ∈ R. Joints are designated as joint0, joint1, . . . , jointNjoint−1 with their angles
denoted by θi. We define θi = 0 when the arm is in-line, adopting counterclockwise direction as the
positive orientation. Joint angles are collectively expressed as θ = (θ0, . . . , θNjoint−1).

The pulley radius at each joint i is denoted by ri. Note that for model simplification and to reduce the
search space, all tendons passing through the same joint share the same pulley radius. Detailed tendon
parameters are represented as tendon0, tendon1, . . . , tendonNtendon−1. When tendonj’s start point exists
on linki, we define Sstart

j = i. Similarly, Send
j = i indicates the end point on linki. These indices must

satisfy 0 ≤ Sstart
j < Send

j ≤ Njoint, meaning start points are positioned proximally and within the arm’s
range.

The start point position is expressed as P start
j ∈ R, representing the distance from the base of

linkSstart
j

to tendonj’s origin point (where the actuator or global transmission unit is assumed to be
anchored). To avoid pulley interference, when Sstart

j > 0, P start
j > rSstart

j −1, and when Send
j < Njoint,

P start
j < LSstart

j
− rSstart

j
. This configuration is depicted in Figure 3. Similarly, the end point posi-

tion P end
j follows analogous constraints. Finally, we define tendon-joint positional relations through

tendon sidei,j : 1 indicates tendonj passes above joint i, while 0 denotes passing below. In Figure 2’s
example, tendon side0,j = tendon side1,j = 1.

Thus, the arm model is fully defined by specifying:

• Link lengths Li, joint angles θ, pulley radii ri,
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Figure 2. The example of the model of the arm. The number of joints is Njoint = 3 and the number of tendons is Ntendon = 5.

Figure 3. The range of P start
j is limited to rSstart

j −1 < P start
j < LSstart

j
− rSstart

j
by the radii of the pulleys at both ends of the linkSstart

j
.

• Start point link indices Sstart
j , start point positions P start

j , end point link indices Send
j , and end point

positions P end
j for each tendon,

• Wrapping relationships tendon sidei,j between tendons and pulleys.

2.3 Calculation of muscle Jacobian considering tendon shortcut

In this section, we describe the method for calculating muscle Jacobians considering tendon shortcuts.
The muscle Jacobian G(θ) ∈ RNjoint×Ntendon is defined component-wise as follows:

G(θ)i,j =
∂lj
∂θi

(1)

where lj represents the length of tendon tendonj . To compute this, it is necessary to calculate the spe-
cific path taken by each tendonj under given θ, particularly considering their wrapping relationships
tendon sidei,j .

First, we determine the wrapping state of each pulley. For each joint i in the tendon’s range (Sstart
j ≤

i < Send
j ), we introduce a binary variable is wrapi. We set is wrapi = 1 if the tendon is assumed

to wrap around the pulley at joint i, and is wrapi = 0 if it shortcuts the pulley. This determination
is made for all indices satisfying Sstart

j ≤ i < Send
j . Under these assumptions, the tendon’s path is

computed. Note that in this study, we assume that the tendon does not wrap around any pulley for more
than a full revolution (2π rad). Pulleys assumed to not wrap (i.e., is wrapi = 0) have no effect on the
tendon and can be disregarded. For pulleys where wrapping is assumed (is wrapi = 1), we calculate
the tendon’s wrapped path. The computation of the tendon’s path reduces to finding common tangents
between circles. Between two adjacent pulleys, the tendon’s path corresponds to one of the common
external or internal tangents between their circular radii. For paths involving start/end points and pulleys,
we treat them as tangents from a point to a circle. By assuming zero-radius pulleys at the start/end
points, these cases also reduce to finding common tangents between circles. The specific choice among
the four possible common tangents between pulleys is determined by the combination of tendon sidei,j
values at each joint’s pulley. As illustrated in Figure 4, examples of tendon paths between pulleys can be
derived this way. This process allows us to compute the tendon’s path segment between any two adjacent
assumed-wrapped pulleys along its path.

Next, we verify the validity of the wrapping assumptions is wrapi set for the pulleys. A valid assump-
tion must satisfy two conditions:
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Figure 4. The example of the tangent line between pulleys. This is the case when the tendon passes through the upper side of the left pulley
and the lower side of the right pulley. The red line represents the tendon between the two pulleys, the blue line represents the tendon between
the starting point and the pulley, and the green line represents the tendon between the end point and the pulley. The dashed line represents a
common tangent line other than the one the tendon actually passes through.

• The tendon path is the shortest possible route.
• The tendon path maintains positional consistency with tendon sidei,j relative to each pulley.

For any assumed-wrapped pulley, its two adjacent tangent lines must not intersect (Figure 5a). If in-
tersection occurs, it implies a non-shortest path route invalidating the assumption. For pulleys assumed
unwrapped, the connecting tangent between neighboring assumed-wrapped pulleys must not intersect
this pulley, and the positional relationship between the pulley center and tangent line must align with
tendon sidei,j (Figure 5b). Violation of either condition invalidates the assumption. This validation
process is formalized in Algorithm 1. By systematically checking all 2S

end
j −Sstart

j possible assumption
combinations within the index range Sstart

j ≤ i < Send
j , we can uniquely determine the valid wrapping

configuration is wrapi and the corresponding tendon path considering both wrapping and shortcut. The
exhaustive search guarantees identification of the physically realizable tendon path with correct geomet-
rical constraints.

Finally, based on the obtained tendon path, we compute the muscle Jacobian G(θ). For joints un-
affected by tendonj (i.e., when i < Sstart

j or Send
j ≤ i), the corresponding component of the muscle

Jacobian is G(θ)i,j = 0 When tendonj is wrapped around pulley of jointi, the component is deter-
mined by:

G(θ)i,j =

{
−ri if tendon sidei,j = 1

ri if tendon sidei,j = 0
(2)

When tendonj is not wrapped around pulley of jointi, we use the distance d between the jointi and the
tangent line:

G(θ)i,j =

{
−d if tendon sidei,j = 1

d if tendon sidei,j = 0
(3)

This completes the computation of all components G(θ)i,j for the shortcut-aware muscle Jacobian ma-
trix, accounting for both pulley-wrapping and tangent-line geometry in tendon path calculations.

2.4 Evaluation of joint torque

The method for evaluating the joint torques of an arm system is described here. In tendon-driven arms,
the joint torque can be expressed by the following equation:

τ = −G(θ)Tf (4)

Here, τ ∈ RNjoint denotes the joint torque vector, G(θ) is the arm’s muscle Jacobian derived in Sec-
tion 2.3, and f ∈ RNtendon represents the tendon tension vector. Let the range of exertable tension for
each tendon be denoted as [Fmin,j , Fmax,j ]. The set of all possible tendon tensions is then defined as:
F =

∏Ntendon
j=1 [Fmin,j , Fmax,j ] = {f ∈ RNtendon |Fmin,j ≤ fj ≤ Fmax,j}. Therefore, the set of possible joint

torques is: T = {τ = −G(θ)Tf |f ∈ F}.
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(a) These are examples of checks to see if the assumption that
the tendon wraps around the pulley is correct. This is the case
when the tendon passes under the center pulley. In the exam-
ple on the left, the assumption that the tendon wraps around is
correct because the line segments on both sides do not inter-
sect. In the example on the right, the assumption that the ten-
don wraps around is incorrect because the two line segments
intersect each other, and the assumption that the tendon does
not actually wrap around is correct, as shown by the dashed
line.

✓ ✗ ✗

(b) These are examples of checks to see if the assumption
that the tendon does not wrap around the pulley is correct.
This is the case when the tendon passes over the pulley. In
the example on the left, the assumption that the tendon does
not wrap around the pulley is correct because the tendon does
not intersect the pulley but passes over the top of the joint. In
the middle example, the tendon has intersected the pulley, and
in the right example, the assumption that the tendon does not
wrap around is incorrect because the tendon passes below the
joint. The assumption that the tendon wraps around is correct,
as shown by the dashed line.

Figure 5. The examples on checking assumptions about whether the tendon wraps around each pulley.

Algorithm 1 The algorithm to check if is wrapi, the assumption about which pulley the tendon wraps
around, is correct.

1: function CHECK(is wrapi)
2: for i = Sstart

j to Send
j − 1 do

3: if is wrapi = 1 then
4: if two segments on the pulley intersect each other then
5: ▷ Case of the right of Figure 5a ◁
6: return False
7: else[is wrapi = 0]
8: if the segment intersects the pulley then
9: ▷ Case of the center of Figure 5b ◁

10: return False
11: if the segment is on the wrong side of the pulley then
12: ▷ Case of the right of Figure 5b ◁
13: return False
14: return True

The ability of an arm to exert torques in all directions is equivalent to its joint torque workspace T
encompassing a hypersphere centered at the origin. A larger contained hypersphere indicates greater
capability for the arm to freely achieve joint torques across orientations. The radius of the largest hy-
persphere centered at the origin that T contains can be determined by finding the shortest distance dS
between the surface S of T and the origin. Conversely, if the origin lies outside T, this implies the exis-
tence of joint torque directions the arm cannot realize in certain configurations. In such cases, we treat
dS as a negative value.

We describe the method for determining the shortest distance between S and the origin. First, F can
be considered as the convex hull of the vertex set Fp =

∏Ntendon
j=1 {Fmin,j , Fmax,j}. Since T is obtained

through a linear transformation of F, it corresponds to the convex hull of the transformed vertex set
Tp = {−G(θ)Tf |f ∈ Fp}. By evaluating all 2Ntendon vertices formed by selecting either the minimum or
maximum tendon tension for each of the Ntendon tendons, applying the transformation −G(θ)T to these
vertex points yields Tp. The convex hull constructed from these transformed vertices is denoted as C,
which represents the feasible joint torque space T. Its bounding faces constitute the surface S, which
can be used to compute the shortest distance to the origin.
C can be represented using the equation of the constituting surface. If the surface equation is given by

aTx+ b = 0, then by appropriately selecting the coefficients, we can obtain a signed distance aTx+ b
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where the interior side of C is positive. For points that have non-negative distances to all surfaces, those
points are contained within C. For points contained in C, the minimum value of the distances between
the point and each surface corresponds to the distance between the point and S. For points not contained
in C, the negative of the minimum distance between the point and the points contained in C corresponds
to the distance between the point and S. By computing the distance from the origin according to the
above, we can obtain dS .

By computing dS for all possible θ and evaluating the minimum value, we can assess the joint torque
of the arm. However, in this study, to reduce computational costs, we compute dS for a representative
set of multiple θ and evaluate the joint torque based on the minimum value among them.

2.5 Evaluation of Arm Thickness

In this section, we describe the method for evaluating the thickness of the arm. Let p ∈ R2 be an
arbitrary point in the workspace. We define darm(p) as the shortest Euclidean distance between the
arm’s link structure (the set of line segments representing links) and the point p. Note that each linki of
the arm is considered as a line segment of length Li, and the minimum value of the shortest distances
between each line segment and p is defined as darm(p). We evaluate the arm thickness by considering
the distance of points located on the surface of pulleys and tendons from the links. Specifically, for the
set of points Pcomponents constituting the pulleys and tendons, the maximum value of these distances is
defined as the thickness of the arm, denoted by tarm = maxp∈Pcomponents

darm(p).
For pulleys, the radius of the pulley corresponds to the distance between the pulley and the arm. For

tendons, the portion wrapped around the pulley has a distance equal to the pulley’s radius, while the
unwrapped portion is considered as a line segment. We sample multiple points on this line segment and
compute the distance to the arm at each point, taking the maximum value. By computing this distance
for all line segments constituting the tendon and taking the maximum value, we obtain the maximum
distance between the points constituting the tendon and the arm. Finally, by computing the maximum
value of the distances between each pulley and each tendon and the arm, we can determine the thickness
of the arm, tarm.

By computing tarm for all possible θ and evaluating the minimum value, we can assess the thickness
of the arm. However, in this study, to reduce computational costs, we compute tarm for a representative
set of multiple θ and evaluate the thickness based on the minimum value among them.

2.6 Optimization of Tendon Position

We describe the method for optimizing the tendon configuration. The number of arm joints Njoint and
tendons Ntendon, as well as the link length Li, are fixed. The parameters to be optimized are ri, Sstart

j , Send
j ,

P start
j , P end

j , and tendon sidei,j . The objective functions are two-fold: dS and tarm. We aim to maximize
dS and minimize tarm.

Additionally, all variables representing length and force are computed as dimensionless quantities.
Since dS is proportional to the reference length and force, and tarm is proportional to the reference
length, multiplying the reference length and force by a constant factor does not affect the optimization
result. By computing the variables as dimensionless quantities, the optimization results can be applied
to arms of various scales with different link lengths and exertable forces.

3. EXPERIMENTS

3.1 Experimental Setting

We describe the experimental setup of this study. The length of each link in the arm was set to Li = 1.
The pulley radius was limited to 0 ≤ ri ≤ 0.3 to prevent mutual interference. The range of exertable
tension for each tendon was set to [Fmin,j , Fmax,j ] = [0, 1]. The evaluation of dS and tarm was performed
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Figure 6. The example of theta listing for a 4-joint case. The angles shown in the figure go into all elements of theta.

better

be
tt
er

(1)

(2)

(a) The optimization result of the Njoint = 2 and
Ntendon = 3 case.
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(b) The optimization result of the Njoint = 4 and
Ntendon = 8 case.

Figure 7. (1) The result of the multi-objective optimization. The blue points are the sampling points, and the red points are the Pareto fronts.
The horizontal axis is the minimum distance between the surface of the demonstrable joint torque space and the origin in each posture, and
the vertical axis is the arm thickness. (2) An example of a solution with both dS and tarm moderately superior among Pareto fronts. It shows
the arm’s posture and tendons at each θ, its posture-specific dS , and tarm. The blue circles indicate pulleys and the yellow areas indicate areas
where the distance from the arm is less than the arm’s thickness.

by substituting θ values sampled at equal intervals from [− 2π
Njoint+1 ,

2π
Njoint+1 ] into each θi, resulting in 9

different θ. An example for 4 joints is shown in Figure 6.
For multi-objective optimization, we employed the NSGA-II (Non-dominated Sorting Genetic Al-

gorithm II) [13], a widely used evolutionary algorithm capable of efficiently exploring Pareto-optimal
solutions. We used the implementation provided by the Optuna library [14]. The arm model calcula-
tion utilized the numerical computation library JAX[15]. For the convex hull calculation in joint torque
evaluation, we employed the ConvexHull class included in SciPy[16].
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(a) Two joints arm with 3–6 tendons.
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(b) Three joints arm with 4–7 tendons.
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(c) Four joints arm with 5–8 of tendons
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(d) Five joints arm with 6–9 tendons. “9 tendons+” represents
a case with 40,000 samples.

Figure 8. The optimization result of the multi joints arm with different number of tendons. Only Pareto solutions are plotted.

3.2 Easy Configuration: Two Joints Arm with Three Tendons

We describe the optimization results for a 2-joint arm. In this experiment, we set the number of joints to
Njoint = 2 and the number of tendons to Ntendon = 3, and performed optimization with a sample size of
20000. The optimization results are shown in Figure 7a.

In Figure 7a(1), we plot the sampled points and Pareto solutions during multi-objective optimization,
with dS on the x-axis and tarm on the y-axis. Therefore, better solutions are located at the lower right of
the figure. From this, it can be seen that several solutions are obtained as Pareto solutions, ranging from
those with larger dS to those with smaller tarm. However, the solution with the smallest tarm has dS = 0,
which is a meaningless design solution. Additionally, among the solutions with large dS , there are some
where tarm suddenly increases rapidly as dS increases.

Therefore, we consider solutions with large dS , low tarm, and a knee point near the trade-off corner to
be desirable. To make this idea concrete, we select one representative solution using the following rule in
this study: the Pareto solution that lies farthest from the straight line connecting the two extreme Pareto
solutions in the (dS , tarm) plane. These two extreme solutions correspond to the trade-off endpoints in
this study: one emphasizes larger dS , and the other emphasizes smaller tarm. This criterion is used only as
a representative example in this study, and it does not mean that this particular solution must always be
selected. Thus, we show an example of such a Pareto solution in Figure 7a(2). In this example, tendon1

and tendon2 wrap around joint0 and joint1 from the bottom, while tendon0 wraps around both joints
from the top. Specifically, tendon sidei,j is as follows:

tendon side =

(
1 0 −
1 − 0

)
(5)
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Here, the ”-” symbol indicates that the tendon does not cross the joint. This configuration is also easily
conceived by humans, but it can be seen that optimization can also generate such configurations. Fur-
thermore, when the joint angle becomes large, some tendons are slightly shortcut from the pulley and
wrapping. It can be seen that they are increasing the joint torque while avoiding excessive thickness.
This is an important consideration in actual arm design, taking into account the wrapping and shortcut
of tendons.

3.3 Complex Configuration: Four Joints Arm with Eight Tendons

Similar to Section 3.2, we conducted optimization under more complex conditions, i.e., for a 4-joint arm.
The number of joints in the arm was set to Njoint = 4 and the number of tendons to Ntendon = 8. In the
optimization process, the sample number was set to 20000. An example of the obtained optimal solution
and Pareto solution is shown in Figure 7b.

The tendon sidei,j in the example is represented in the following matrix form:

tendon side =


− − − 0 − 1 − −
− 1 − 0 − 0 1 −
− 0 0 − 1 − − 1
1 − 0 − − − − 0

 (6)

We will provide a detailed discussion of this configuration example. From the matrix composition, it
can be seen that tendons spanning one joint and those spanning two joints coexist. As for the tendons
spanning only one joint, tendon0, tendon4, and tendon6 exist, all of which pass through the upper side.
These configurations contribute to the exertion of torque by the arm.

Among the tendons spanning two joints, tendon2 and tendon3 pass through the same side (lower
side) at two joints and cause a shortcut when the joint angle becomes large in the negative direction.
In combination with the fact that the tendons spanning one joint pass through the upper side, these
configurations enable efficient exertion of joint torque in both directions.

Furthermore, tendon1, tendon5, and tendon7 pass through different sides at two joints and evenly
span each pair of joints, i.e., joint0 and joint1, joint1 and joint2, and joint2 and joint3. Since these
configurations suppress the shortcut of the arm’s links, it is possible to effectively increase the torque at
each joint without increasing the thickness.

Additionally, the fact that there are no tendons spanning three or more joints is considered to be an op-
timization result for suppressing the arm’s thickness. Since it is a 4-joint arm and the number of tendons
is as many as 8, proper design by humans would be difficult. However, through multi-objective optimiza-
tion, it can be confirmed that a proper configuration considering both joint torque and arm thickness is
generated. Moreover, the design becomes a complex configuration that people would not easily think of,
suggesting the potential ability of optimization methods to explore beyond human intuition.

3.4 Comparison on Multi Configurations

Similar to Section 3.2 and Section 3.3, we conducted multiple optimizations while changing the number
of joints Njoint and tendons Ntendon. In all cases, the sample number for optimization was set to 20000. The
results are shown in Figure 8. Since there are Njoint degrees of freedom at the joints, at least Njoint + 1
tendons are necessary. Taking this into account, we varied Ntendon from Njoint + 1 to Njoint + 4 and
performed optimizations.

We will discuss these results. First, it can be seen that for most Njoint and Ntendon, Pareto solutions
considering the trade-off between dS and tarm have been obtained. However, for (Njoint, Ntendon) = (4, 5)
and (5, 6), only solutions with dS = 0 were obtained. This is likely due to the fact that there are very
few designs in the search space that can exert torque.

Additionally, for Njoint = 2, 3, 4, as Ntendon increases, dS tends to increase for the same tarm. This result
makes sense, since increasing the number of tendons increases the total force that can be exerted. On the
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other hand, for Njoint = 5, dS shows a valid trade-off curve. With the standard sample size of 20,000,
the improvement trend at Ntendon = 9 is less pronounced compared to lower dimensions, suggesting the
optimization has approached its exploration limits at this dimensionality. This result was intentionally
included to demonstrate the upper limit of the design space that can be effectively explored with a fixed
sample size of 20,000. However, when we increased the sample size to 40,000 for the 5-joint, 9-tendon
case, the performance of 9 tendons exceeded that of 8 tendons, demonstrating that the 20,000-sample
optimization was indeed insufficient for this high-dimensional problem. This improvement confirms that
for the 5-joint system, increasing the number of tendons does enhance the achievable torque capability,
consistent with the trend observed in lower-dimensional cases, provided sufficient optimization samples
are available. The curse of dimensionality in high-DOF systems remains evident: simply increasing
samples is inefficient at such complexity levels, pointing towards the need for more scalable optimization
strategies in future work.

Based on the above, it has been shown that through multi-objective optimization, optimal tendon con-
figurations considering the trade-off between joint torque and arm thickness can be obtained for various
numbers of joints and tendons. These results provide a comprehensive view of the design landscape
across different complexities, including the boundaries of exploration feasibility.

4. DISCUSSION

The optimization results demonstrate that the proposed method effectively navigates the trade-off be-
tween maximizing joint torque and minimizing arm thickness. The obtained Pareto fronts provide a
clear visualization of potential design candidates, ranging from compact arms with moderate torque to
high-torque designs with necessary thickness.

In the designs obtained from Section 3.2 and Section 3.3, we observed a mix of tendons spanning
single joints and multiple joints. Tendons spanning two joints tended to shortcut across the joint when the
angle increased, significantly boosting the moment arm and thus the joint torque. Conversely, single-joint
tendons contributed to independent torque control, enhancing the versatility of the torque workspace.
This observation aligns with geometric intuition but provides specific, optimized parameters (start/end
positions) that are difficult to determine manually. Compared to the heuristic designs often used, our
method optimizes the exact attachment points, which directly influence the moment arm profiles. For
instance, the optimal start points were found to be located such that the moment arm is maximized
at the specific joint angles where the torque requirement is highest or the manipulability needs to be
maintained. This level of detail in design parameters goes beyond simple routing type selection.

Regarding the choice of solutions from the Pareto set, designers can select an optimal configuration
based on specific constraints. For example, if an application requires the arm to enter a 50mm gap, a
solution can be selected from the region where tarm < 50mm, maximizing torque under this constraint.
The ”knee points” on the Pareto front often represent designs with the best balance, offering signifi-
cant torque improvements for minimal thickness penalties. Comparing our approach to Tsai’s isotropic
design[10], which focuses on uniform force transmission with conventional routing assumptions, our
method provides a complementary perspective by explicitly optimizing shortcut-aware tendon routing
and the resulting trade-off between compactness and maximum torque capability. In this sense, the main
contribution of this study is to provide a set of multiple practical design candidates on the Pareto front,
from which designers can select according to task-specific constraints.

From the results in Section 3.4, increasing the number of tendons was shown to improve torque per-
formance without necessarily increasing thickness. This implies that adding redundancy is an effective
strategy for high-performance compact arms.

Finally, regarding the required sample size, as the number of joints and tendons increases, the search
space expands exponentially (the curse of dimensionality). We intentionally maintained a consistent
sample size (20,000) across all experiments to identify the scalability limits of the standard optimization
approach. The results clearly show that while 20,000 samples are sufficient for lower-dimensional cases,
they begin to saturate for higher-dimensional problems (e.g., Njoint = 5). This finding is valuable as
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it provides a benchmark for future research into more sample-efficient algorithms or heuristic-guided
methods necessary for complex musculoskeletal designs.

The current study assumes ideal tendon routing without specific hardware constraints. In practice, the
placement of actuators or pulleys might be restricted. However, the ”optimal” locations found here serve
as a target for mechanical design, guiding where components should ideally be placed.

5. CONCLUSION

In this study, we proposed a design optimization method for tendon-driven arms, addressing the inherent
trade-off between maximizing joint torque and minimizing arm thickness. Our approach explicitly con-
siders the effects of tendon wrapping and shortcutting on the moment arm, aspects often simplified in pre-
vious geometric optimizations. Through multi-objective optimization, we derived Pareto-optimal solu-
tions that enable designers to select configurations with the minimum necessary thickness for a required
torque output, or maximize torque for a given size constraint. The results confirmed that under simple
conditions, the optimized designs align with established engineering intuition, while for more complex
setups, the method discovers non-trivial configurations that balance these contradictory objectives. Fur-
thermore, we discussed the challenges associated with high-dimensional search spaces, highlighting the
computational demands required to fully explore complex multi-joint systems. Future research will fo-
cus on incorporating more realistic hardware constraints, such as actuator placement limitations, and
exploring sample-efficient algorithms to handle increasingly complex robotic systems.
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