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Optimizing the Topology of Tendon-Driven Fingers:
Rationale, Predictions and Implementation
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Abstract

Tendon-driven mechanisms in general, and tendon-driven fingers in particular, are ubiquitous in nature, and
are an important class of bio-inspired mechatronic systems. However, the mechanical complexity of tendon-driven
systems has hindered our understanding of biological systems, and the optimization of the design, performance,
control, and construction of mechatronic systems. Here we apply our recently-developed analytical approach to
tendon-driven systems [1] to describe a novel, systematic approach to analyze and optimize the routing of tendons
for force-production capabilities of a reconfigurable 3D tendon-driven finger. Our results show that these capabilities
could be increased by up to 277% by rerouting tendons, and up to 82% by changing specific pulley sizes for specific
routings. In addition, we validate these large gains in performance experimentally. The experimental results for 6
implemented tendon routings correlated very highly with theoretical predictions with an R2 value of 0.987, and
the average effect of unmodeled friction decreased performance an average of 12%. We not only show that, as
expected, functional performance can be highly sensitive to tendon routing and pulley size, but also that informed
design of fingers with fewer tendons can exceed the performance of some fingers with more tendons. This now
enables the systematic simplification and/or optimization of the design and construction of novel robotic/prosthetic
fingers. Lastly, this design and analysis approach can now be used to model complex biological systems such as
the human hand to understand the synergistic nature of anatomical structure and neural control.

Index Terms

biologically-inspired robots, mechanism design

I. GLOSSARY

• Tendon-driven system: any mechanical system that is actuated (either actively or passively) with tendons that
can only pull and not push (e.g., wires, cables, strings, etc.).

• Tendon routing: the configuration in which the tendons are arranged in a tendon-driven system.
• Feasible force set: the convex set in endpoint force space (normally 2-D or 3-D) that encloses all achievable

force vectors based on the parameters of a tendon-driven manipulator.
• Moment arm matrix: a matrix that contains information about all of the moment arms in a tendon-driven

manipulator. Each row corresponds to a joint and each column to a specific tendon. The entries are the values
of the moment arms.

• Jacobian: a matrix that transforms joint angle velocities to manipulator endpoint velocities.
• Minkowski sum: in this context, it all possible positive or zero combinations of the collection of basis vectors

for the tendons. Stated another way, it contains all possibilities of full or zero activation for all of the tendons.
• Posture: a set of joint angles.
• Maximum isotropic value (MIV): the greatest possible force that a robotic finger or manipulator can exert in

all directions (i.e., isotropically).
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II. INTRODUCTION

B IO-INSPIRED robotic hands employ multiple robotic fingers for dexterous grasping and manipulation tasks
[2]–[13]. Bio-inspiration can refer to their tendon-driven nature, but also the asymmetry of the routings,

the variation in moment arm sizes, and the non-uniform distribution of maximal tendon tensions. Robotic finger
kinematics may be anthropomorphic or they may be less complex to simplify the construction and control of
the fingers. Moreover, two fundamental classes of actuation are typically used: i) those that use remote actuation
(e.g., motors outside the fingers which actuate tendons, cables, or gears) and ii) those that use internal actuation
(e.g., motors inside the fingers). Tendon-driven limbs and fingers are ubiquitous in vertebrates, and such bio-
inspired tendon-driven actuation has proven engineering design advantages such as light weight, low inertia, small
size, backdrivability, and design flexibility [14]. However, the mechanical complexity of tendon-driven systems
(e.g., the large number of design parameters) has precluded the development of modeling, design, and analysis
tools to optimize their performance, control, and construction. In this paper, we analyze, optimize, and test
alternative implementations of a 3D tendon-driven robotic finger. We validate this approach with physical hardware
implementations from the functional perspective of maximizing the set of feasible endpoint static forces.

Many considerations go into the design of robotic fingers and hands, such as force and velocity production,
control, ease of construction, design simplicity, and cost. Adequate force-production capabilities are a necessary
element of the multidimensional design puzzle: according to Firmani,“The knowledge of maximum twist and wrench
capabilities is an important tool for achieving the optimum design of manipulators” [15]. In fact, if a finger cannot
produce sufficient endpoint force while meeting other critical design requirements such as size and number of
motors (for example in space, hazardous or surgical applications), then the mechatronic system is useless regardless
of the attributes of the controller or ease of manufacturing. Therefore, as a demonstration of our novel modeling,
analysis and optimization approach, we concentrate on the kinetostatic (endpoint force-production) capabilities for
robotic fingers.

Several studies have analyzed the kinetostatic performance of tendon-driven and torque-driven manipulators [15]–
[23] (determining the kinetostatic capabilities given design parameters), and several others have addressed their
optimization or synthesis (specifying the design parameters given desired capabilities) [24]–[32]. These studies are
based on mathematical theory. The fabrication of robotic fingers has been widely accomplished for robotic hands
[2]–[13]. Experimental testing of kinetostatic performance can be found in the biomechanics literature [33], [34],
but these do not implement a system whose parameters can be altered. We combine these three areas of theory,
fabrication, and testing to optimize and validate hardware implementations of alternative robotic finger designs.

III. NUANCES OF BIOLOGICAL AND ENGINEERING SYSTEMS THAT ARE TENDON-DRIVEN

Understanding the mechanical properties of tendon-driven plants is critical to understanding the actual problem
confronting both brain-body dynamics and the plant-controller engineering design problem. Elsewhere we have
shown the importance of understanding the nuances of tendon-driven systems that cannot be understood when
applying the common torque-driven mathematical approach to the actuation of serial kinematic chains (i.e., limbs
[35]). However, a brief summary is warranted because the present work is motivated by the need to understand
well (i) the consequences of alternative tendon routings (i.e., system topologies) and their optimization; and (ii) the
need to validate the analytical and computational approaches we have developed and promoted in prior work.

The nuances of tendon-driven systems include:
• Topology matters: When thinking of the structure and function of anatomical and engineering systems, it is

important to distinguish between the topology of the system and its specific parameter values [36]. The topology
consists of the type and connectivity of elements of any particular systems, which in this case include the
number and type of kinematics degrees of freedom, and the way in which tendons cross and actuate joints.
The specific parameters then include the actual number of limb segments, degrees of freedom, the kinematic
connectivity across limb segments and the specifics of how many tendons there are, which kinematic degrees
of freedom they cross and actuate, and the moment arm at each degree of freedom (assuming only rotational
degrees of freedom). We have shown, for example, that apparently similar topologies can have very different
mechanical capabilities [36], and that some topologies can be used to satisfy various functional goals [37].
Therefore the topology and parameters values of a tendon-driven system must be considered carefully.
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• Agonists, antagonists and co-contraction: The perspective and language that emerges from analyzing single
joint systems such as the elbow or knee are very often not valid in the case of multi-articular, multi-tendon
systems [35]. More specifically, the idea that there is an agonist tendon that produces torque in the desired
sense, which is opposed by an antagonist tendon on the ”other side” of the joint does not extrapolate well. In
the case of two or more kinematics degrees of freedom, each tendon produces a specific combination of joint
torques; and all constitute a basis for mechanical actions. The positive addition of their actions (muscles can
only pull, not push) creates the set of feasible outputs; be they in the joint torque space (feasible torque set) or
the end-point space (feasible wrench set). Thus the routing of each tendon and the strength of each muscle can
dramatically affect the size and shape of the feasible actions of the system. In the multi-joint case, therefore,
mechanical actions are a vector addition of these basis vectors, and it is no longer possible to label some
muscles as agonists or antagonists. This is because all active basis vectors contribute to the task equally. That
is, the loss of any one muscle will affect the ability to implement that solution. Similarly, the vector addition
of all contributing vectors at times requires the simultaneous cancellation of mechanical actions at a joint [34].
This can lead to activity in muscles on opposite sides of a joint, which has often been called co-contaction
by extrapolation from the single joint case. However, such simultaneous activity is not optional strategy in the
sense that co-contraction is usually thought of. Rather, such vector addition that engages muscles on either
side of a joint is at times simply what is required to accomplish the task [38] and is not a always a decision
the nervous system makes to, for example, increase joint impedance, etc.

• Muscle Redundancy and Synergies: More recently we have called attention to the fact that muscle redundancy,
while mathematically undeniable, does not necessarily imply robustness to muscle dysfunction [39]. That is,
the solution space for a given task has a specific structure given by the constraints of the task [34]. This
structure then defines which muscles must be active at a level higher than zero (and are therefore necessary);
and which muscles are needed at moderate or high levels of activation (and therefore the task is sensitive to
weakness or dysfunction of those muscles) [39]. Lastly, because the structure of the solution space is given
by the interaction among the topology of the plant and the constraints of the task, it is not surprising (in fact,
it is expected) that EMG and other recordings often exhibit a lower dimensional structure [40]. This structure
depends directly on how many tendons there are, how they are routed, how they can be used to fulfill the
constraints of the task and is not necessarily the consequence of a specific choice of neural control strategy.
Disambiguating mechanically necessary vs. neurally optional features of muscle coordination required using
the techniques presented here to identify the solution space for a task given a specific tendon topology.

Therefore, our work here is motivated by the need to be able to test the functional and control consequences of any
topology for a tendon-driven systems, be it biological or mechatronic. Moreover, the predictions and interpretations
mentioned above depend to a certain extent on the validity of such linear methods to find and describe the structure
of the solution space for static force production. Therefore, it is of critical interest to be able to validate these
methodology predictions experimentally.

IV. FINGER CONSTRUCTION

We had several design requirements when designing a reconfigurable robotic finger as a test bed for analysis,
optimization, and testing. They were

1) Ability to arbitrarily change tendon routing (i.e., the joints each tendon crosses, and whether they produce
positive or negative torque at each joint).

2) Ability to vary pulley sizes (i.e., moment arms of the tendons)
3) Low friction
4) Sufficient and well arranged degrees-of-freedom (DOFs) to allow three-dimensional endpoint motion and

force production
5) Robust, durable, rigid
We designed the finger in SolidWorks 2010 (Dassault Systémes), as shown in Figure 1. The actual reconfigurable

finger is also shown. It was constructed with one ad-abduction DOF and two flexion-extension DOFs. The primary
materials were aluminum (for the links and terminating pulleys), turcite (for the spacers and rotating pulleys), and
ball bearings with extended inner rings (mounted on all pulleys and link axes). All of the pulleys were custom-
machined and two sizes were constructed for reconfigurability: a radius of 8.0mm for the large pulleys and 4.4mm
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Side Views

Top View

SolidWorks Student Edition.
 For Academic Use Only.

3-D View

Actual Finger

83mm 64mm 57mm

Joint 1
Ad-abduct Joint 2

Flex-extend
Joint 3
Flex-extend

Fig. 1. 2-D and 3-D views of finger model in SolidWorks, and the actual finger.

for the small pulley, as shown in Figure 2. There were multiple pulleys that had to be added between the axes to
ensure reconfigurability of the tendon routing (i.e., that each tendon could rout on either side of every joint and no
bowstringing of the tendons would occur).

The selection of link lengths and pulley sizes was otherwise fairly arbitrary, and since our study did not involve
optimization of incremental changes in these parameters (except the 2 pulley sizes), we simply constructed it to
have reasonable size that could be fabricated and tested.

V. METHODS

After construction of the finger with the desired capabilities, we were then able to analyze and optimize tendon
routing and pulley sizes based on the actual kinematics and reconfiguration options of the finger.

A. Force polytope analysis

Quantification of the force-production capabilities of a robotic finger (or manipulator) can be accomplished
by determination of the feasible force set (or force polytope) of the finger. This convex set encloses all feasible
forces that the fingertip can exert given kinematic parameters, tendon routing and pulley sizes, and maximal tendon
tensions. A quality metric that can be assigned to this set is known as the maximal isotropic value (MIV) [18].
Since we are not assuming any specific task that this finger must perform, then we chose to use this metric. We
could have used any other metric instead of the MIV. Further comments can be found in the discussion section.
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(a) (b)

(d)(c)

Fig. 2. Pulleys used in finger design. (a) Turcite rotating small pulley. (b) Aluminum terminating small pulley. (c) Turcite rotating large
pulley. (d) Aluminum terminating large pulley.
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Fig. 3. Illustration of calculation of MIV (maximum isotropic value) from feasible force set.

The MIV is the radius of the largest ball, centered at the origin, that the feasible force set can contain, as illustrated
in Figure 3 for a 2-D feasible force set. A finger can exert at least that many units of force in any direction.

We can use an activation vector, ~a, to represent the degree to which a tendon is activated. Each element of
~a ranges between 0 (no activation, zero force) and 1 (full activation, maximal force). Further discussion may be
found in [35]. If we define F0 as a diagonal matrix of maximal tendon tensions, R as the moment arm matrix (or
structure matrix) relating tendon tensions to joint torques, and J as the posture-dependent Jacobian relating joint
velocities to fingertip velocities, then we can get the fingertip force vector ~f from tendon activations [34] if the
Jacobian is square and invertible:

~f = J−TRF0~a = A~a (1)

For a given fixed finger posture, the J−T , R, and F0 matrices can be grouped into a linear mapping from
activations into fingertip force, which we call an action matrix A [34], [35]. Each column of A represents the force
vector each tendon produces at the fingertip in that posture if fully activated. The collection of all such forces (i.e.,
all columns of matrix A) forms a set of output force basis vectors. Linearity of this mapping holds true for static
forces because the Jacobian and moment arms remain constant. The Minkowski sum of these basis vectors forms
the feasible force set of the fingertip, and can be computed by taking the convex hull of the points generated by
mapping each vertex of the activation hypercube (i.e., each vertex of the unit hypercube in the positive orthant) to
fingertip wrench space via the action matrix A [34].

There are two ways to describe a convex hull: i) a set of vertices and ii) a set of linear inequalities. Vertex
enumeration methodologies can calculate one description given the other. The Qhull software package uses the
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Quickhull algorithm [41] and is used to perform the MIV calculations in this study. Other vertex enumeration
algorithms that can perform these calculations easily include CDD [42] and LRS [43].

The description involving a set of linear inequalities (similar to a linear programming inequality constraint
formulation) takes the form

Ax ≤ b (2)

where A is a matrix of constants defining the inequalities, x is a vector of variables of length d, where d is the
dimensionality of the convex hull, and b is a vector of constants. If we denote Ai as the ith row of A, then the
linear inequality Aix ≤ bi defines a halfspace, which also defines a facet of the convex hull. The perpendicular
(i.e., shortest) Euclidean distance (or offset) of this facet from the origin, in general, will be given by

bi
‖Ai‖2

(3)

The Qhull output, however, automatically sets each ‖Ai‖2 equal to 1, so the ith offset from the origin is simply
the signed constant bi. Calculation of the MIV in this study involves simply finding the minimum of b corresponding
to the feasible force set.

For our finger, the Jacobian is a 3× 3 matrix which is square and invertible in our experimental postures, R is
a 3 × ` matrix (` is the number of tendons, which is 4, 5, or 6), and F0 is an ` × ` diagonal matrix of maximal
tendon tensions.

B. Evaluating tendon routings

The construction of the finger allowed for various moment arm matrices to be implemented which had 4, 5, or 6
tendons. These designs are known as N+1, N+2, and 2N designs, where N is the degrees of freedom of the finger.
We enumerated all possible moment arm matrices beginning with the “base” matrices shown in Figure 4. The N+2a
and N+2b designs differ only in that the second tendon terminates at the first joint in the N+2a designs and at the
second joint in the N+2b designs. We replaced each ‘#’ with either a 1 or -1 (in accordance with the sign of the
moment exerted on a joint when the corresponding tendon is under tension; see Figure 1 for definition of joint
axes) in a full combinatoric search and then checked the controllability (i.e., that all of the joints could be actuated
independently in torque and motion) conditions as described in [22]. We then calculated the MIV for these routings
using the large pulleys in the main posture: 0◦ at joint 1, −45◦ at joint 2, and −45◦ at joint 3, as shown in Figure 5.
To make comparisons feasible across finger designs with different number of tendons, we used a uniform maximal
tendon tension distribution, with the sum being constrained1 to 60N (i.e., for designs with 4, 5, and 6 tendons, the
maximal tensions were 15N, 12N, and 10N, respectively). We found that many of the admissible routings produced
the exact same MIVs and feasible force set volumes, likely corresponding with structurally isomorphic routings
[22]. The number of routings that produced unique MIVs was a very small subset of the admissible routings, as
can be seen from the numbers in Figure 4. In cases of optimization of a more complex finger or manipulator where
the number of unique MIVs may be orders of magnitude higher, methods for selection of a subset for further
optimization such as in [46] may be used.

The total number of routings producing distinct feasible force sets2 was 40. For each of those routings, we
calculated the MIV for all combinations of large and small pulleys. For example, the N+1 design has 9 moment

1The sum of maximal tendon tensions being equal is an important constraint due to the size, weight, and motor torque (and therefore
tendon tension) limitations inherent in dexterous hands. For example, the torque capacity of motors is roughly proportional to motor weight,
and minimization of weight was an important consideration in the design of the DLR Hand II [44]. In addition, the maximal force production
capabilities of McKibben-style muscles are roughly proportional to cross- sectional area [45]. Since the actuators typically will be located
in the forearm, then the total cross-sectional area will be limited to the forearm cross-sectional area. In this study, for simplicity and without
affecting the generalizability of our approach or results, we do not consider alternative constraints on the actuation system (e.g., electrical
current capacity, tendon velocities, etc).

2Due to the nature of our full combinatoric search, moment arm matrices that produced mirrored feasible force sets about a plane
passing through the origin (which would have the same MIV) were discarded and also those moment arm matrices that were produced by
a rearrangement of the columns. For example, in Figure 4, interchanging columns 5 and 6 does not change the feasible force set, it only
reverses the “numbering” of the tendons. But in the full combinatoric search, both of these numberings would be different matrices producing
identical feasible force sets.
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N+1 design:
24 admissible,

3 unique

N+2a design:
88 admissible,

6 unique

N+2b design:
296 admissible,

11 unique

2N design:
872 admissible,

20 unique

Fig. 4. Base moment arm matrices used when finding admissible and unique tendon routings.

Joint 3

Joint 1

Joint 2

Main posture

Auxiliary 
posture

Fig. 5. Finger posture used in computations and experimental testing.

arm values. Therefore, there are 29 combinations of large and small pulleys for that case. Taking the combination
with the highest MIV for each routing gave 40 moment-arm-optimized routings. Therefore, we had 40 unoptimized
routings and 40 optimized routings. Out of these 80, we chose 6 different routings to test experimentally in a
fashion that permitted testing of a large range of MIVs, and included the design with the highest predicted MIV.
Otherwise the selection was arbitrary.

C. Experimental testing of tendon routings

For each of the tendon routings tested, we first arranged the pulleys and strings (0.4mm braided polyester twine)
to match the desired configuration. We then mounted the finger onto a base that was part of a motor array system
as shown in Figure 6. The DC motors were coupled to capstans on which the string wound. Each string was then
routed around pulleys that were attached to load cells (Interface SML 25, Scottsdale, AZ) which provided force
measurements for the closed-loop controller implemented in Realtime LabView. The endpoint of the finger was
fixed to a custom made gimbal which constrained translational motion but not rotational motion (we did not want
the fingertip to be over-constrained). The gimbal was attached to a 6-axis load cell (JR3, Woodland, CA). The
sampling rate and control loop frequency were both 100Hz.

A small pretension of 1N was applied to each string to remove slack and prevent it from falling off of the pulleys.
Then each vertex of the activation hypercube (as described in the previous section) was applied to the strings (in
addition to the pretension) in ramp-up, hold, and ramp-down phases to find the feasible force set [39]. As in prior
work, [39], vertices of this experimental feasible force set were determined from the hold phases and then used to
find the MIV using Qhull as described earlier. The experimental MIV could then be compared with the theoretical
MIV (from computational results).

To compare the shapes of the experimental and theoretical feasible force sets, we first normalized the volume
of the experimental feasible force set to make it equal to the volume of the theoretical feasible force set. We then
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DC Motors
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JR3 Load Cell
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Fig. 6. Experimental system for feasible force set testing.

calculated the mean Euclidean distance of each vertex from the theoretical feasible force set from the corresponding
vertex in the experimental feasible force set. We did this because there was always friction loss in the experiment3.
In addition, we calculated the average angle between the two vectors (starting and the origin and ending at the
corresponding vertex) formed from corresponding vertices.

We tested the finger in the main posture (for which we optimized MIV) and an auxiliary posture (to validate the
predictions more fully). These postures are shown in Figure 5. For each design and posture, we did three repetitions
of tests. Since there were 6 designs, 2 postures, and 3 repetitions, we conducted a total of 36 tests.

VI. RESULTS

A. Calculating maximum isotropic values

The 40 unique unoptimized and 40 unique optimized routings produced the MIVs shown in Figures 7a and b.
Optimization of the pulley sizes increased the average MIV from 0.60N to 0.78N, a 30% increase as shown in
Figure 7a, and the maximum increase for a routing by this optimization was 82%. It is interesting to note that this
force-production capability increase is achieved by simply decreasing specific pulley sizes in an informed manner.
We can see from Figure 7b that designs with 4 tendons could not produce MIVs higher than the best designs with
5 or 6 tendons. However, the best design with 4 tendons did have a higher MIV than many alternative routings
that had more tendons. In addition, the maximal increase from only rerouting tendons (no pulley size optimization)
was 277% (i.e., the increase from the worst admissible routing to the best admissible routing for a given number
of tendons).

3Take an extreme case in which friction loss was 50% exactly for every tendon. The theoretical feasible force set is a unit cube. While
the shape of the experimental feasible force set would be also an exact cube, it would be 50% contracted in every direction and therefore
the corresponding vertices would be far from each other. If we normalized the volume, the corresponding vertices would be in the same
location, and the mean distance (in shape similarity) would be zero.
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Fig. 7. Maximum isotropic values for various routings. (a) Boxplot of MIV for all designs before and after pulley-size optimization. (b)
Boxplot of MIV vs. design (includes optimized and unoptimized pulley sizes).

B. Theoretical predictions vs. experimental results

The experimental results and the routings tested are shown in Figure 8. The data points shown in Figure 8b are
averages of the three test repetitions in both the main posture and the auxiliary posture for each of the designs.
The average standard deviation from the three test repetitions was very low at 0.0090N, showing that the results
for each design/posture combination were extremely repeatable. We see a consistent linear relationship between
theoretical and experimental MIVs with an R2 value of 0.987. This result shows that the theoretical calculations
are very good at predicting actual performance. The slope of the line is 0.879, which we interpret to represent an
average loss of performance of about 12% from theoretical predictions, likely due mainly to friction in the system.
We show experimental and theoretical feasible force sets for one test of designs 1 and 6 in the main posture in
Figure 8d, and we can see visually that the shape of the theoretical feasible force sets was extremely similar to
those of the experimental feasible force sets, although the experimental ones were contracted to an extent.

We can see several interesting features in Figure 8. First of all, in Figure 8a, we see that routings 1 and 5 are
identical except that 2 of the signs in the moment arm matrix are reversed (i.e., 2 of the tendons are switched
from one side of the ad-abduction joint to the other). However, we can see in Figure 8b and the table in Figure
8c that the MIV of routing 5 is more than twice that of routing 1 both theoretically and experimentally. Figure 9
emphasizes this large change in MIV for a small, intelligent (but perhaps counterintuitive before performing the
analyses) change in tendon routing. Secondly, the MIVs of routings 5 and 6 are very similar, but routing 6 has
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Fig. 8. Results from experimental testing of various routings. (a) The 6 different routings tested. Shown to scale. R matrix values are in
mm. (b) Experimental vs. theoretical MIV. Parity line is where experimental MIV would be exactly equal to theoretical MIV (intercept of 0,
slope of 1). Regression has an R2 value of 0.987. (c) Table of averages from 3 tests for each design in main posture. (d) 3-D visualization
of experimental and theoretical feasible force sets for designs 1 and 6.

one less tendon. Thirdly, routings 2 and 3 have two fewer tendons than routing 1 but still outperform it in terms
of MIV. Figure 8d demonstrates visually that the experimental feasible force sets corresponded very closely with
the theoretical feasible force sets in shape, and that the size was similar but contracted by a small amount due to
friction. While the side views of both of these feasible force sets look similar, the isometric views show clearly that
the feasible force set of routing 1 is quite thin along one direction (which results in a low MIV) and the feasible
force set of routing 6 is much more expanded in all directions (so the MIV is much higher).

In Figure 8b, we see that the data points lie underneath but fairly close to the parity line (if the theoretical and
experimental MIVs were identical, the data points would lie exactly on the parity line). As would be expected,
none of them are above the parity line. In the table in Figure 8c, we see that the error in the prediction of MIV
ranged roughly between 4% and 16% which is the percentage MIV below the parity line where the data points
are located. As far as shape goes, we see that the average difference in angles between corresponding vertices of
the feasible force sets was between 2.56◦ and 6.5◦. A small amount of angular error would be expected due to
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Fig. 9. Illustration of a simple (but intelligent) tendon re-routing that drastically increases MIV.

error in the positioning and alignment of the JR3 axes relative to the finger axes, so this contributes to the average
difference in angles. The mean distance of corresponding vertices is less than 0.35N. The normalization factors
were less than 1.15, and it is the factor by which the experimental feasible force set had to be expanded in every
direction to have the same volume as the theoretical feasible force set. It roughly corresponds with the MIV error.

VII. DISCUSSION

In this work, we have investigated the effect of various tendon routings on the set of feasible forces that can be
exerted by a robotic finger both computationally and in a physical system. We see that routing has a very dramatic
effect on the shape and size of the feasible force set. We also see that computational predictions are quite accurate
and that they can be useful when making informed design decisions. Therefore the main conclusions of this study
are twofold:

1) Different routings in robotic fingers can result in extremely different force-production capabilities.
2) Theoretical feasible force set analyses predict experimental force-production performance quite well and

therefore they are a useful design tool.
One application of this work is to design tendon-driven fingers and manipulators for a given task that are optimized

in terms of minimal size, weight, complexity, and cost. Since tendon-driven systems are linear for fixed postures,
if we double all the moment arms (or the maximal tensions of all tendons), we double the size of feasible force set
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in every direction. Our results showed that the MIV for routing 6 was more than 100% greater than that of routing
1. Therefore, one could either reduce all of the maximal tendon tensions or all of the moment arms in routing 6 by
50% and still have a greater MIV than routing 1. In a robotic hand system, if the maximal tendon tensions were
cut in half (by implementing smaller motors), then the weight of the actuators could be roughly halved and cost
would be reduced. This would be very desirable, in general. If tendons are driving a minimally-invasive surgical
instrument, then the moment arms could be halved and therefore the diameter of the instrument would be halved
(which actually would reduce the cross-sectional area by 75%!). The instrument would then be much smaller and
could be much better suited for certain surgical procedures.

We have used MIV as the fitness metric for our analyses since no prior assumption of task specification was
made. We acknowledge that in general, the MIV would typically be more practically used for a tendon-driven,
multi-purpose manipulator rather than a robotic finger. These analyses and optimizations that we described apply
equally to tendon-driven manipulators and fingers regardless of size. Since we were only testing one finger in this
paper, we decided to use the MIV. Current work has accomplished design optimization and validation for grasp
quality of multiple fingers of identical design to the one in this paper [47] .

If a necessary task or set of tasks is known (e.g., to have high flexion force for strong grasps) then the analyses
could assign a fitness metric to a routing based on that task specification. The optimization could then be based on
that metric. For example, if it is desired to have a very strong flexion force with low extension force requirements,
then linear programming can easily be used to determine the maximal force possible in the flexing direction(s) after
the feasible force set has been calculated (e.g., using the generic procedure outlined in [24]). We have previously
described that the feasible force sets of the human fingers are asymmetrically biased towards endpoint forces in
the flexion direction than in the extension which is anatomically reasonable for grasping tasks [34], [48]–[50]. If
strong grasp and minimal size/weight/cost is desired for a set of fingers, then analyses like those used in [51] can
be used to design an optimized tendon-driven robotic hand.

We have investigated force-production capabilities in this paper, but there are many other considerations that
go into the design of a robotic hand. Other significant considerations include the robustness and effectiveness
of control algorithms, passive stiffness characteristics, sensitivity to friction and positioning errors, and maximal
endpoint velocities. We acknowledge that force-production capabilities are only one piece of the design puzzle for
optimized robotic fingers.

For reasons of practicality, we only analyzed and constructed routings where the tendons routed around every
joint that they passed (i.e., that the structure matrix is pseudo-triangular, as in [22]) and where there were only two
sizes of pulleys that could be chosen. Routings can, however, be designed where tendons pass through the center of
joints [52], or where moment arms can have many feasible magnitudes. This opens up the design space even more,
and exhaustive searches like the ones we performed in this study may be more laborious, or even not be feasible
given the exponential growth of design options. In addition, tendon-driven fingers or manipulators with more than
3 degrees of freedom will tend to suffer from the curse of dimensionality in the design space, and a designer may
have to use various optimization algorithms [1] in a search for a “good enough” design which could then be selected
for physical construction. Alternatively, a designer could come up with a handful of feasible, physically-realizable
routings and then search in the vicinity of that region of the parameter space to determine feasible improvements
with affordable computational cost [53].

The optimization process we used in this study only addressed this realization of a robotic finger. If a general
robotic finger or manipulator has more joints or tendons, the dimensionality of the design space increases dramat-
ically and finding a globally optimum solution for a specific fitness metric (of which any task-specific metric may
be used, not only the general MIV metric) may be computationally infeasible due to the curse of dimensionality.
Other custom or typical optimization algorithms could be used to find solutions with a high fitness. Furthermore, in
the case when the optimization may involve link lengths and D-H parameters in addition to tendon routing, number
of tendons, and pulley sizes, then finding a locally optimal solution or just a good-enough solution could still be
very useful. The main purpose of this study was to investigate the correlation of predictions with experiments, as
opposed to identifying a general optimization method for tendon-driven robotic fingers and manipulators.

Tendon friction was a significant factor in our experiment, (as it is for any tendon driven system), especially for
the tendons at the last joint that had to wrap around as many as 12 pulleys. The main source of friction seemed to
be the pulleys, as general observation of the data indicated that tendons attached to the ad-abduction joint (which
wrapped around 4 pulleys) suffered from very little friction loss (less than a few %) while the tendons that attached
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to the last joint (which wrapped around 12 pulleys and routed through the fairly complicated tendon redirection
between the first and second joints) suffered from as much as 20% friction loss.

Future work will extend this experimental validation approach to routings of multiple fingers for optimized
grasp quality. In addition, this work is easily applicable to refine the design of generic tendon-driven manipulators.
Furthermore, investigation of the control and structure of biological tendon-driven systems is now made possible
using a similar framework.

VIII. CONCLUSIONS

We conclude from this validation that these computational methods are effective at predicting the performance
of drastically different tendon-driven robotic finger (or manipulator) designs, and are therefore a useful design tool.
Various benefits of fully utilizing this design tool include

1) Minimization of weight: if a superior design has a force-production performance twice that of an inferior
design, the superior design’s actuators only need to be half the strength of the inferior design’s to match the
inferior design’s performance, which in general corresponds to a large reduction in weight of the actuators.

2) Minimization of size: if a superior design has a force-production performance twice that of an inferior design,
the superior design’s moment arms only need to be half the size of the inferior design’s to match the inferior
design’s performance, which could be used to half the overall thickness of the finger (or manipulator, or
minimally-invasive surgical device).

3) Minimization of number of tendons (and therefore actuators): If a design with less tendons (such as an N+1
design) can be synthesized with the same force-production performance as that of one with more tendons
(such as a 2N design), then the actuator system can be simplified and less space to rout the tendons inside
the finger (or manipulator, or minimally-invasive surgical device) is needed.
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