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Abstract
How functional versatility emerges in vertebrate limbs in spite of their anatomical complexity is a longstanding question.
In particular, fingers are actuated by numerous muscles pulling on tendons following intricate paths. In contrast, the
tendon-driven robotic hands with intuitive tendon routings preferred by roboticists for their ease of analysis and control
do not perform at the level of their biological counterparts. Thus there is much debate on whether and how the anatomy
of the human hand contributes to grasp capabilities. These parallel questions in biology and robotics arise partly because
it is unclear how the number and routing of tendons offer functional benefits. We use a novel computational approach
that analyzes tendon-driven systems and quantifies grasp quality to compare the precision grasp capabilities of thousands
of robotic index finger and thumb designs vs. the capabilities measured in human hands. Our exhaustive search finds
that neither the symmetrical designs sometimes preferred by roboticists nor randomly generated designs approach the
grasp capabilities of the human hand (they are on average 73% weaker). However, optimizing for anatomically plausible
asymmetry in joint centers, tendon routings, and maximal tendon tensions produces designs that can exceed the human
hand by 13–45%, and outperform the preferred robotic designs by up to 435%. Thus, the grasp capabilities of prosthetic
or anthropomorphic hands can be greatly improved by judiciously altering design parameters, at times in counter-intuitive
ways. Moreover we conclude that, in addition to its other capabilities, the human hand’s anatomy is very advantageous
for precision grasp as it greatly outperforms numerous alternative robotic designs.
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1. Introduction
The legendary complexity, intricacy, and functionality of
vertebrate limbs in general, and the human hand in particular, are the perennial inspiration and envy of roboticists
(Salisbury and Craig, 1982; Jacobsen et al., 1986; Jau,
1995; Ambrose et al., 2000; Massa et al., 2002). While
all vertebrate limbs are actuated by muscles pulling on
tendons (Valero-Cuevas, 2009), only relatively few robotic
limbs have tendon-driven in favor of torque-driven hardware (Murray et al., 1994). It is interesting to note that
anatomical limbs often have tendons that are routed with
asymmetrical moment arms and unequal maximal tendon
tensions. In contrast, roboticists prefer designs with relatively simple and symmetric routing and equal maximal
tensions to simplify their design, analysis, and control.
The overall performance and versatility of robotic hands
severely lags behind that of their biological counterparts.
Due to the constraints of small size and light weight,
robotic hands typically employ tendon-driven hardware.
Some hand designs have been symmetrical (Jacobsen et al.,

1986; Grebenstein et al., 2010), others have been asymmetrical (Salisbury and Craig, 1982; Carrozza et al., 2004),
and still others have employed a bio-inspired approach
that attempts to closely mimic the anatomy of the human
hand (Folgheraiter and Gini, 2000; Vande Weghe et al.,
2004; Shirafuji et al., 2012). However, none of them have
employed systematic optimization procedures to enhance
grasping capabilities.
There is much debate about how the anatomy of
the human hand contributes to grasping capabilities and
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whether it is ‘optimized’ in any sense. Similarly, there is
much interest in understanding how to design robotic systems that can meet or exceed the performance of their
biological counterparts. These parallel questions in biology and robotics arise in part because it is unclear whether
and how the number and routing of tendons offer functional
benefits.
Here we calculate the grasping capabilities of the human
hand for index finger and thumb precision grasps, and
compare them to the capabilities of thousands of different tendon-driven anthropomorphic designs. In particular,
we explore the performance for precision grasp (sometimes
also called pincer grasp, or tip-to-tip or precision pinch),
which is a grasp modality essential for precision manipulation activities in humans (Cutkosky and Howe, 1990; Brand
and Hollister, 1993; MacKenzie and Iberall, 1994) that is
not achievable by most non-human primates (Schultz, 1968)
unless they both can oppose the thumb and have the necessary phalangeal lengths. This is made possible by our
novel computational approach that enables us to compute
the grasp capabilities of tendon-driven systems of arbitrary
complexity (Inouye et al., 2012a), and our ability to measure the fingertip forces produced by individual tendons in
actual cadaveric hands. We find that i) anthropomorphic
designs that optimize and incorporate apparently counterintuitive anatomical features have superior capabilities to
their unoptimized counterparts, and ii) the human hand is
far superior to unoptimized robotic hand designs. These
results compel and enable us to rethink our approach to the
design of robotic systems, as well as inspire us to further
investigate the functional consequences of the anatomy of
the human hand.

approach outlined in Valero-Cuevas et al. (1998), ValeroCuevas (2009), and Inouye et al. (2012a), and is shown in
Figure 1b. The remaining procedure of intersecting the feasible force sets with friction cones (Figure 1c) and calculating the feasible grasp wrench set (Figure 1d) and associated
global grasp metrics is described in Inouye et al. (2012a).
Since the grasp quality measures of characteristic length
(i.e. the radius of a ball with the same volume as the grasp
wrench set) and radius of the largest ball that can fit in
the feasible wrench set (i.e. the distance from the origin
of the feasible wrench set to its closest boundary, which is
representative of the direction in which the grasp is weakest) are both linear measures and have identical units, we
assign a single grasp quality metric to the human hand that
simply sums the two measures. The radius of the largest
ball is a measure of the largest magnitude of the forces
and torques (collectively known as the wrench vector) that
can be applied to the grasped object in any 3D direction to
accelerate it, use it as a tool, or resist perturbations (Miller
and Allen, 1999; Inouye et al., 2012a). Characteristic length
is a measure of the average magnitude of the wrench that
can be exerted or resisted by the grasp. Figure 1e shows how
computation of the feasible object wrench predicts whether
a grasp can be maintained against an external force.
The linear coefficient of friction is set to 0.5, and the ratio
of the linear coefficient of friction to the rotational coefficient of friction is set to seven. Both of these values are
in the range of physiologically reported friction coefficients
for human fingertips (Kinoshita et al., 1997). The hand is
assumed to grasp a ball of diameter 6 cm with the tip of the
thumb on the bottom and the tip of the index finger on the
top, as pictured in Figure 1c. This is the same methodology,
grasp metric, hand posture, and friction coefficient as the
ones used for the robotic hands.

2. Methods
2.1. Calculating human hand grasp quality
Given that there is no generally accepted computer model
of the hand (Valero-Cuevas et al., 2009; Kutch and ValeroCuevas, 2011, 2012), we opted for an experimental data
approach to estimate the grasp capabilities of the human
without making unnecessary modeling assumptions. To
find the grasp quality of the human hand, we combined
previously published cadaveric data (Valero-Cuevas et al.,
2000; Pearlman et al., 2004) obtained from pulling on the
tendons of actual cadaveric hands while measuring the vector output at the tips of the index finger and thumb. Having
these vectors allowed us to use the same recently developed
(Inouye et al., 2012a) computational method to calculate
grasp quality as was used for the robotic fingers (see below).
The cadaveric data are basis vectors of 3D fingertip forces
in fingertip endpoint wrench space produced when tension
is applied to each tendon individually proportional to their
maximal tensions. These basis vectors are shown in Figure 1a. The feasible force set of each fingertip is built from
these basis vectors and maximal tendon tensions using the

2.2. Calculating anthropomorphic robotic hand
grasp quality
We used the kinematic layout of the Shadow Hand (a
tendon-driven, commercially available, anthropomorphic
hand) to determine finger link lengths, fingertip placements,
and postures for grasp. The kinematic layout and grasping posture of this anthropomorphic hand were selected
because they closely resemble that of the human posture
while still grasping the 6 cm ball, shown in Figure 2.
As is considered for the human hand (Valero-Cuevas
et al., 2003; Valero-Cuevas, 2005; Santos and ValeroCuevas, 2006), our robotic index finger has four degrees
of freedom (three flexion–extension and one adduction–
abduction), and the thumb has five (three flexion–extension
and two adduction–abduction).
To allow a fair comparison of the grasp qualities of the
anthropomorphic hand designs with those of the human
hand, we adhered to the anatomical and kinematic constraints of the human hand. We set the coefficients of friction for the fingertips equal to those of human fingertips.
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Fig. 1. Computation of human hand grasp quality. This is the same methodology and grasp metric that is used for the robotic hands.
Index finger and thumb basis vectors and feasible force sets not equal scales. (a) Fingertip basis vectors. (b) Feasible force sets built
from basis vectors. (c) Feasible object force sets: intersection of feasible force sets with friction cones. (d) Feasible object wrench (only
3D feasible forces shown). (e) Examples of maintained and failed grasps.

Fig. 2. Anthropomorphic hand grasp.

Moreover, the sum of the maximal tendon tensions for each
finger was set to that of human fingers: 764 N for the
index finger and 478 N for the thumb (Valero-Cuevas et al.,
2000; Pearlman et al., 2004). The reason is that muscle
strength is related to its cross-sectional area (Zajac, 1989).
Thus, regardless of how many tendons each index finger
or thumb has, the human forearm and hand have a given
volume and therefore a fixed total maximal muscle force
available to drive the hand. Also, the moment arm values were constrained so that the size of each joint would
not exceed that of the corresponding human joints. The
moment arms for the human index finger and thumb were

taken from the literature (Valero-Cuevas et al., 1998, 2003),
and the implied ‘joint diameters’ (i.e. the maximal differences between moment arm values for a joint) were used
to constrain the joint diameters for the anthropomorphic
hand designs. For example, the maximal positive moment
arm value for the index finger metacarpophalangeal (MCP)
joint is 13.2 mm and the maximal negative moment arm
value for the index finger MCP joint is −7.8 mm (ValeroCuevas et al., 1998). Therefore, the ‘joint diameter’ is 21.0
mm. The anthropomorphic hand designs were constrained
so that their joint diameters were equal to those of their
human hand counterparts. The joint diameters are shown
in Table 1.
Moreover, after some preliminary testing and optimization, we found that using only the above constraints resulted
in optimized designs that were extremely good at grasping (more than 100% greater grasp quality than the human
hand), but were extremely poor at exerting force in all directions. The ability of a fingertip to produce force in all directions can be measured by the maximum isotropic value, or
MIV (the maximal force that can be exerted in all directions, described in Finotello et al., 1998). Intuitively, it is
the radius of the largest ball, centered at the origin of the
feasible force set, that can fit inside the feasible force set.1
For some directions, namely extension, the fingers in optimized designs could only produce less than 0.05 N. This
was due to the optimization process placing all the emphasis on flexion force and none on extension force. Since this
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Table 1. Maximal joint diameters (i.e. differences between largest
moment arms for each joint) according to data obtained from the
literature.

Index finger

Thumb

Joint

Joint diameter (mm)

MCP adduction–abduction
MCP flexion–extension
PIP flexion–extension
DIP flexion–extension
CMC adduction–abduction
CMC flexion–extension
MP adduction–abduction
MP flexion–extension
IP flexion–extension

10.9
21.0
9.25
5.14
35.6
40.4
15.5
20.2
11.0

MCP: metacarpophalangeal; PIP: proximal interphalangeal; DIP: distal
interphalangeal; CMC: carpometacarpal; MP: metacarpophalangeal; IP:
interphalangeal.

is such a low force, and so unreasonable compared to the
human hand, we felt it was necessary to constrain the MIV
for anthropomorphic finger designs to be at least that of the
human fingers. The MIV of the human index finger is 2.89
N, and 5.37 N for the thumb (Valero-Cuevas et al., 2000;
Pearlman et al., 2004). This ensures the ability to release a
grasp and for each finger to exert at least as much force in
all directions as human fingers.

2.3. Optimizing anthropomorphic robotic hand
grasp quality
We used three separate steps for initializing and optimizing
anthropomorphic robotic hand designs:
1. An initial random search of the parameter space using
a Monte Carlo search on the parameters of the structure matrices that define tendon routings and crossover
operations of best designs.
2. Optimization step 1: Markov-chain Monte Carlo search
to adjust the joint centers of rotation.
3. Optimization step 2: Markov-chain Monte Carlo search
on the distribution of maximal tension among tendons.
Monte Carlo over the structure matrices was used due to
the fact that the feasible force sets of the fingers, and therefore the grasp quality of the hand, are complex functions of
the high-dimensional structure matrices. The Markov-chain
Monte Carlo methods were deemed appropriate due to the
high dimensionality of the system and the large computational cost of computing approximate gradients (e.g. using
steepest-ascent, Newton’s method, etc.).
2.3.1. Original Monte Carlo search on structure
matrices To find tendon layouts on which to perform
optimization, we first performed a Monte Carlo exploration
of the space of structure matrices for the fingers; see Figure
3. We explored the space of four different tendon designs:
N + 1, N + 2, N + 3, and 2N, where N is the number

Fig. 3. Procedure for finding randomized designs via Monte Carlo
sampling.

of degrees of freedom for each finger. For tendon-driven
systems, N + 1 is the minimal number of tendons needed to
have a controllable finger (Valero-Cuevas, 2009). To do so,
we randomly generated 1000 pairs of admissible structure
matrices (one for the index finger, one for the thumb) for
each of the four designs. These structure matrices were
in a pseudotriangular form, as described in Lee and Tsai
(1991). The process of generating a random matrix for
each finger is illustrated in Figure 3. We first began with a
fixed matrix consisting of some zeros and some ‘#’ entries
where non-zero moment arm values would be inserted.
Next, we randomly replaced each ‘#’ with either 1 or
−1. We then checked conditions for the controllability of
a tendon-driven finger (also described in Lee and Tsai,
1991). Basically, we checked if the matrix was full rank,
made sure there was at least one sign change in each row
(i.e. that each joint had an extensor and flexor tendon), and
tested if a null-space basis vector found via singular value
decomposition existed whose elements all had the same
sign (to make sure the finger could hold a posture).2 If
the structure matrix was found to satisfy these conditions,
we would calculate the MIV of the feasible force set
associated with that structure matrix of each finger. If
the structure matrix did not meet all these admissibility
criteria, we randomized the structure matrix again. After
a pair of admissible structure matrices were found for the
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Starting point
Rejected step
Accepted step
Random perturbation direction
Random perturbation endpoint
Projection of perturbation
endpoint onto constraint
Max Tendon
Tension Sum
1

3
2

Fig. 4. Illustration of perturbations of the joint center of rotation.

Max Tendon
Tension Sum

Constraint:

index finger and thumb, we calculated the grasp quality
for the ‘hand design’ that used that pair. We found 4000
randomized hand designs and calculated the grasp quality
of each.

2.3.2. Optimization step 1: Optimization of joint centers
of rotation As optimization of all 4000 Monte-Carlogenerated hand designs was not practical, we had to choose
a small number on which to perform optimization procedures. We did this based on the fingers with the highest
MIV. We took the 10 index finger structure matrices and the
10 thumb structure matrices with the highest MIVs (regardless of the number of tendons) and crossed them over with
each other, creating 100 additional combinations of index
finger and thumb structure matrices (i.e. hand designs).
This crossover operation is a standard method in genetic
algorithms. The grasp quality was then calculated for these
additional 100 hand designs produced from crossover operations and the 10 hand designs with the highest grasp qualities were chosen for optimization. We reasoned that the
structure matrices with the highest MIVs would be the most
flexible during the later stages of the optimization. In addition, this guarded us from designs with the very highest
grasp quality that either did not meet the minimum MIV
requirements, or were very close to violating them.
The first optimization procedure performed on the 10
chosen designs involved the joint centers of rotation. This
is in the sense of moment arms on one side of the joint
becoming larger than those on the other side of the joint,
with the total range of the moment arms being equal to the
joint diameter.3 A greedy Markov-chain Monte Carlo algorithm was employed on each finger separately. The initial
centers of rotation were in the middle of the joints and the
grasp quality was calculated. The index finger joint centers
of rotation were then perturbed simultaneously (all four at
once) by independent, normally distributed random numbers ui (for the ith joint) with zero mean and a standard

Fig. 5. Illustration of the Markov-chain Monte Carlo algorithm
for distribution of maximal tendon tensions.

deviation of 2% of the joint diameter. The centers of rotation were constrained so that they did not go outside the
joint diameters, and a reflection technique similar to that in
Santos et al. (2009) was used. Perturbation of the center of
rotation is demonstrated in Figure 4.
2.3.3. Optimization step 2: Optimization of maximal
tendon tensions The last step in our optimization process involved performing a similar Markov-chain Monte
Carlo exploration of the maximal tendon tension distribution across tendons. Starting with all the tendons having
equal maximal tendon tensions, we perturbed the distribution of the maximal tendon tensions using a multivariate
normal distribution with a standard deviation of 2% of the
maximal tendon tension sum (764 N for the index finger and
478 N for the thumb; values obtained from Valero-Cuevas
et al. (2000) and Pearlman et al. (2004)). This perturbation
was effectively like one inside an n-dimensional hypercube
in the positive orthant with side length equal to the maximal tendon tension sum, where n is the number of tendons
for each finger. After perturbation inside the hypercube,
we projected the point onto the hyperplane given by the
following equation:
n


Fi,max = MaxTendonTensionSum

(1)

i=1

where Fi,max is the maximal tension of tendon i. This gave
us a new distribution of maximal tendon tensions, and we
then evaluated the grasp quality. If it was higher, we took
that point as the starting point for the next perturbation.
The same reflection technique as that in the previous section was used. The overall process is shown graphically for
a simplified two-tendon example in Figure 5.
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Fig. 6. Comparison of human grasp quality with box plots of anthropomorphic hand designs. N is the number of degrees of freedom
of each finger. The original Monte Carlo searches the set of all possible flexor/extensor routings for the index finger and thumb.
Optimization step 1 is for the joint centers of rotation. Optimization step 2 is for the distribution of maximal tendon tensions. Distribution
of maximal tendon tensions is not shown, for clarity. Moment arms for each joint shown very roughly to scale.

A detailed explanation of the effects of different structure matrices and distributions of maximal tendon tensions
on the kinetostatic (i.e. force-production) capabilities of
manipulators and biological hands can be found in Lee
and Tsai (1991), Ou and Tsai (1993, 1996), Tsai (1995),
Finotello et al. (1998), Valero-Cuevas (2009), and Inouye
et al. (2012a).

3. Results
Figure 6 summarizes the results for grasp quality. These
results include both the randomized and the optimized
designs with different numbers of tendons, both before and
after Markov-chain Monte Carlo optimization procedures.
It should be noted that the original Monte Carlo box plots
are not in series, but the optimization steps are in series
after allowing selection from all four categories of structure
matrices, as described in Section 2.
We see that an intuitive robotic design with 2N tendons (which control either only flexion–extension or only
adduction–abduction) with symmetric moment arms and
equal maximal tensions found does very poorly in relation
to the human hand. However, adding the anatomically tenable features of asymmetric moment arms (by shifting the
centers of rotation of the joints) and unequal maximal tendon tensions (but keeping within anatomical finger girth
and the total sum of muscle strengths) produces designs
whose grasp quality exceeds that of the human hand. In
addition, we see that intelligently choosing parameters for
hand design can result in grasp quality that is 435% higher
than this intuitive 2N design!

3.1. Randomly selected designs
We see from Figure 6 that there is a large range of grasp
qualities for these fully controllable hands. The figure
shows the performance of designs with different numbers
of tendons (N + 1, N + 2, N + 3, and 2N, where N is
the number of each finger’s kinematic degrees of freedom:

four for the index finger and five for the thumb). Note that
in these cases the same total maximal muscle strength was
distributed among all tendons as a means to allow for the
fact that the human forearm and hand have a given volume, and therefore total muscle force available to drive the
hand. Figure 7 shows two tendon routings for the index finger. Figure 7a shows the best index finger crossover design
that was selected for optimization. We do not show the
design that had the highest grasp quality of the randomly
selected designs because it did not perform as well as others
after optimization. Figure 7b shows an index finger tendon
routing that produced a very poor grasp quality before optimization. For the purposes of kinematic clarity, the finger
adduction–abduction (i.e. side-to-side) axis was considered
to be immediately proximal to the perpendicular axis of the
first flexor–extensor joint, as demonstrated in Figure 7a.

3.2. Optimization of joint centers of rotation and
distribution of maximal tendon tensions
We further optimized the top 10 hand designs produced
from the crossover operations. We used 150 iterations for
the joint centers of rotation optimization for each finger separately. Results from using 10 random starting locations for
the index finger within the space of allowable centers of
rotation as well as a starting location in the middle of all
the joints showed that the random seeds all converged to
roughly the same point, with a small range in final grasp
quality, as shown in Figure 8a. The range of grasp qualities
for the random seeds was 16.08–16.19 N, or 0.7% of the
mean.
As is customary when multiple Markov chains converge
to a same general location, we deemed the 150 iterations to allow sufficient convergence for our study (Santos
and Valero-Cuevas, 2006). Thus, running multiple Markov
chains for each design was unnecessary. It should be noted
that although all 10 random seeds were randomly selected
from a uniform distribution in the theoretically allowable
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very similar to that shown in Figure 8b (in fact, with 96%
of the improvement coming within the first 50 iterations),
and therefore the 150 iterations were deemed sufficient.
This second optimization of maximal tendon tension distributions produced designs with grasp qualities that were
on average 55% higher than those with evenly distributed
maximal tendon tensions.
Moreover, this second optimization of the 10 best
crossover designs produced hands whose grasp quality
exceeded that of the human hand by 13–45%, as shown
in Figure 6. The tendon routing for the index finger and
thumb, the distribution of maximal tendon tensions, and the
feasible force sets for the best two designs and the human
hand design are shown in Figure 9. Interestingly, the feasible force set of the human index finger is much larger than
that of the thumb, while the opposite is true of the optimized
designs. It can be seen that the optimization caused the feasible force sets to be weighted more heavily toward flexing
in the palmar direction (i.e. the direction of force production
during grasping).

Fig. 7. Two sample index finger tendon routings. Moment arms
not drawn to scale and only show which sides of the joints the
tendons cross. (a) Best crossover index finger tendon routing after
optimization. (b) Unoptimized tendon routing that produced a very
low grasp quality.

range (i.e. within the unit hypercube; two selected dimensions shown in Figure 8a), some seeds did not meet the
minimum MIV requirements, and they were discarded and
re-selected. The final solutions shown in Figure 8a are
slightly dispersed in the proximal interphalangeal (PIP)
joint center of rotation, but the range of grasp qualities is
very small, suggesting a very flat fitness landscape in that
vicinity along that direction.
In addition, we see the progress of the best found result
versus the iteration number in Figure 8b. Graphically, it can
be seen that over the course of 150 iterations, most of the
improvement (almost 85%) comes in the first 50 iterations.
While we allowed the optimization to run for three times
that long, we felt that any more iterations would result in
diminishing returns and marginal improvements in results.
It took about 3.7 s, on average, to compute the grasp quality
for each iteration. This first optimization of joint centers of
rotation produced designs with grasp qualities between 19.3
N and 20.8 N, falling short of the human grasp quality by
13–20%, and 17% on average, as shown in Figure 6.
We implemented that same procedure to optimize for
the distribution of maximal tendon tensions for each finger separately (i.e. 150 iterations). The result of using 10
random seeds produced grasp qualities with a very small
range (5.5% of the mean). Again, this indicated that multiple chains were unnecessary for our purposes. The plot of
typical optimized grasp quality versus iteration number was

4. Discussion
In this study, we have successfully compared thousands of
random and optimized hand designs to the human hand in
terms of quality of precision grasp. We demonstrate the
use and power of the methodology developed in Inouye
et al. (2012a) to compare and optimize hand designs in a
high-dimensional parameter space, while still adhering to
specific anatomical and design constraints. Our study concentrated on the grasp of one object of a reasonable size in
a specific posture. We did not perform extensive sensitivity
analysis on certain factors such as differing postures, finger
placements, friction coefficients, surface curvatures, object
shapes, etc. The methodology that we employed would
allow simulations to take most of these factors into account,
but we felt that this was not necessary to arrive at the conclusions that i) anthropomorphic designs that incorporate
apparently counter-intiuitive anatomical features have superior capabilities to their unoptimized counterparts, and ii)
the human hand is far superior to unoptimized robotic hand
designs. In addition, we do not include the force–length
interaction of musculotendons, known to affect muscle
force production as a function of posture (Zajac, 1989).
To the best of our knowledge, we are the first to be able
to clearly compare the upper limit of the mechanical capabilities for precision grasp between thousands of anatomically feasible tendon-driven robotic designs and the human
hand.4 While one can argue that few tasks require using
maximal force capabilities because many activities of daily
living only require low forces, having a mechanical structure that can produce large forces is desirable for multiple
reasons. For example, if the finger mechanism has a high
gain (i.e. large grasp forces per unit input of muscle force)
then those everyday tasks will require lower muscle forces
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Fig. 8. Markov-chain Monte Carlo optimization of asymmetry in joint centers of rotation. (a) Visualization of optimization paths of 10
random seeds and one center seed. (b) Optimization progress over 150 iterations.

Fig. 9. Index finger tendon layout, maximal tendon tension distribution, and feasible force sets for top two optimized designs and the
human hand. Tendon layouts shown roughly to scale. Feasible force sets shown to scale.

and metabolic costs, and induce smaller stresses on the tissue and joints. In addition, such mechanical structures will
have a greater safety margin and require smaller force actuators (be they motors or muscles), as well as being more
functional when the person is either developing as a child,
or weakening with disease or aging.

The results obtained in this study are made possible
by the combination of recent innovations that made this
historically complex problem tractable. First, our study is
unique in that we have only recently been able to calculate
task-independent grasp quality metrics for tendon-driven
systems of arbitrary complexity (Inouye et al., 2012a).
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Second, the fact that our data for precision grasp for the
human hand come from cadaveric experiments provides
substantial advantages to our study, its results, and its conclusions. Recall that the feasible grasp set for the human
hand was created from data measured by pulling on actual
anatomical hands in those same postures we studied in the
robotic designs (see Section 2), and is therefore strictly
empirical. Thus there was no need make assumptions about
tendon-force transmission or create a computer model of
the human hand. A trustworthy computer model of the hand
remains an elusive goal (Valero-Cuevas et al., 2009; Kutch
and Valero-Cuevas, 2011, 2012), which is exacerbated by
the complex tendon-tension transmission through the extensor mechanisms of the index finger (Valero-Cuevas et al.,
2007; Kurse et al., 2012). Thus, by directly measuring the
vector output at the tips of the index finger and thumb when
pulling on individual tendons, we have as good an estimate of the grasp capabilities of the hand as is currently
possible. These two innovations allowed us to directly compare grasp capabilities of actual anatomical specimens with
thousands of alternative robotic designs, with the same units
and quality metrics.
We note that in any useful biological or robotic hand,
the mechanics and control must both be considered and
developed. The best control algorithms cannot perform any
task that the mechanics do not allow. Conversely, a globally optimal hand from a mechanics standpoint is useless
without effective control to implement these capabilities.
The consequences to the control of various designs have
not been considered in this paper, and this is the subject of
related and future work: is a tendon-driven hand with an
optimized grasp quality difficult to control? Or is it that
engineers find them difficult to control given the limitations of the contemporary interpretation and phrasing of
the control problem? Recent work (Theodorou, 2011) suggests that a combination of stochastic optimal control with
reinforcement learning makes tractable the difficult problem of controlling tendon-driven systems (for a description
of the difficulties of classical optimal control with tendondriven systems see Valero-Cuevas et al., 2009). Other work
considers optimization of tendon tensions for adequate controllability and operation of a robotic system under various
constraints (some of which are not considered in this study)
(Bicchi and Prattichizzo, 2000; Gabiccini et al., 2011). Further research on the integration of optimized mechanics
and optimized control will increase the performance of
tendon-driven systems.
One exciting conclusion of this study is that utilizing
even fairly simple Monte Carlo exploration and optimization techniques can compare robotic and anatomical hands,
and provide clear means to improving the grasp quality
of robotic hands by nearly one order of magnitude (435%
increase) when compared with the intuitive 2N design
(shown in Figure 6) that simplifies analysis and control (e.g.
two tendons per joint, symmetric moment arms, and equal
maximal tendon tensions). Thus, this study has directly

applicable implications for the design of prosthetic and
industrial robotic hands for precision grasp, that include the
use of perhaps counter-intuitive (yet mechanically explainable in hindsight) asymmetric and apparently complex tendon routings. Clearly, the repertoire of tasks a hand fulfills
goes far beyond precision grasp, or even grasp and manipulation in general. Thus, in the general design case where the
hand will perform a variety of tasks in unstructured environments, multiple grasp metrics (like those here, and in
Balasubramanian et al., 2010; Inouye et al., 2012a) must be
used to compare the fitness of various designs. However, it
is also clear that precision manipulation with the fingertips
is an important category that should be considered if the
hand is to be at all dexterous (Salisbury and Craig, 1982;
Jacobsen et al., 1986; Jau, 1995; Ambrose et al., 2000;
Massa et al., 2002); thus our chosen task has face validity and serves as a good first comparison and evaluation of
multiple tendon routings that will naturally enable future
work in other grasp domains.
By the same argument, it is noteworthy that our analysis clearly shows that the human hand is, at the very least,
very anatomically advantageous for precision grasp. Given
the large repertoire of competing functional requirements
that makes the hand such a central part of our identity
as a species (Porter et al., 1993; MacKenzie and Iberall,
1994; Wilson, 1999), we somewhat expected to find the
human hand to have only moderate precision grasp capability compared to alternative robotic designs. Therefore it is
surprising and interesting to see that the human hand greatly
outperforms thousands of alternative robotic designs (both
random and optimized). In addition, this kind of precision
grasp is only achievable in those few primates (Schultz,
1968) that have the necessary phalangeal lengths and joint
configurations to completely oppose the thumb and create
the closed kinematic chain. This in turn suggests that being
able to grasp with the fingertips is in fact an important functional category in humans to enable precision manipulation
for successful everyday life.
In spite of its limitations that do not challenge our main
results or conclusions, our work is only the first example
of optimization techniques that can now be employed to
explore the full grasp capabilities of tendon-driven systems.
Varying the optimization techniques, parameters, or orders
of steps would affect the upper limit of the grasp qualities
found. One example is to only optimize maximal tendon
tensions and retain constant moment arms if one wants to
consider robotic hand designs with circular pulleys of a single diameter for each joint. As another example, we could
have used a complete Monte Carlo search on all the parameters at once or in groups (structure matrix, maximal tendon
tensions, and moment arms). However, given the extremely
high dimensionality of the problem, many of the initial 4000
designs would have poor distributions of moment arms and
maximal tensions. Given the vast number of ways that the
search and optimization procedures could have been carried
out, we were restricted to a procedure that we felt would
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give good results in a reasonable amount of computational
time. As described in Section 2, this was to initially select
the best structure matrices for optimization. It is possible
that other designs not selected for optimization could have
exceeded our best design after optimization. However, note
that our main conclusions do not hinge on finding a global
optimum; we felt that our results would not be significantly
affected by spending much more time and effort trying to
obtain, say, a 10–20% higher grasp quality than we found
for the optimized designs. Future work can focus on optimizing robotic designs with structure matrices that are not
necessarily upper-triangular, as in Sheu et al. (2009).
A difference between our robotic designs and the human
hand can be seen in Figure 9, where the optimized thumb
feasible force sets were much larger than that of the human.
One explanation for this is that all the tendons in the optimized designs were at the boundaries of their joint diameters. In the human, the extreme moment arms defined the
joint diameters, but the rest of the tendons typically were
not nearly as large as these extremes. For example, the maximal human MCP flexion moment arm was 13.2 mm and
the maximal extension moment arm was 7.77 mm, giving a
joint diameter of 21.0 mm. If this were an optimized robotic
hand, all the flexion moment arms would be 13.2 mm and all
the extension moment arms would be 7.77 mm. However,
in the human, given anatomical constraints, only one flexor
has a moment arm this large and only one other extensor
has a moment arm this large. The other four tendons have
smaller moment arms at this axis. Due to the fact that the
joint diameters for the thumb carpometacarpal (CMC) joint
were quite large, the optimized designs were able to take full
advantage of having many large moment arms, while the
human thumb only used two moment arms to the maximum
extent possible.
As demonstrated by the results, the optimizations for
grasp produced finger designs with feasible force sets heavily weighted toward the object (i.e. optimized for flexion).
The human fingers also have feasible force sets that tend
to be optimized for flexion. A few of our other studies
have considered optimization of the force-production capabilities of tendon-driven robotic fingers and manipulators,
but the fitness metric used in those studies was maximal
isotropic force (Inouye and Valero-Cuevas, 2012; Inouye
et al., 2012b). Grasp quality metrics with feasible force sets
optimized for maximal isotropic force could be decent, but
they would certainly increase if they were optimized for
flexion force that creates a large asymmetry in the feasible force set (as evidenced by the optimized designs in this
study).
The potential limitations of the fidelity of a cadaveric
hand in reflecting the mechanics of the live hand have
been raised and addressed in our prior work (Valero-Cuevas
et al., 2000; Pearlman et al., 2004). In spite of the potential
nonlinearities and inaccuracies in such measurements (both
inherent to the hand and as a result of experimental error),
we find that the human hand greatly outperforms unoptimized robotic designs that are subject to human limitations.

Future experimental paradigms or modeling environments
that mitigate or circumvent the limitations of cadaveric testing can likely only strengthen our conclusions that the hand
has outstanding grasp capabilities when compared with
unoptimized anatomies and topologies.
Lastly, although we constrained the robotic hand specifications, such as anthropomorphic dimensions and constant
sum of maximal tendon tensions, to allow for a fair comparison to the human hand, robotic hands are generally not
constrained to all of these human specifications. However,
the principles of minimizing hand size (e.g. joint diameters)
and actuator size and weight (e.g. maximal tendon tensions)
are beneficial for many tendon-driven robotic applications
such as minimally invasive surgery, prosthetic hands, and
robotic manipulators. Therefore, optimizations for different robotic systems should harness their advantages over
human anatomy to the fullest extent possible in the design
process, while still conforming to constraints that guarantee
correct and controllable operation (Bicchi and Prattichizzo,
2000; Gabiccini et al., 2011).
Our results show that the human hand and robotic hand
designs employing human-like features (such as optimized
asymmetry) vastly exceed the performance of their unoptimized counterparts. The outstanding performance of the
human hand inspires us to rethink our approach to the
design of robotic hands in particular and robotic systems
in general.
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Notes
1. Note that this ‘largest ball’ is for the feasible force set and
measures the MIV, which is different from the largest ball
grasp quality metric, which is calculated from the grasp
wrench set.
2. These conditions correspond to fully actuated robotic fingers.
We did not consider underactuated robotic fingers in our study
as they are not capable of approaching the dexterity of human
fingers. However, we do point out that the development of
underactuated fingers is a large research area that has drawn
considerable interest due to the simplicity of their control.
3. While a simplified explanation of our joint constraint is that
the center of rotation was perturbed, this would actually imply
a non-linear relation between moment arms and joint angles.
However, in our analysis we actually assume constant (but not
necessarily equal) moment arms for each side of the joint. A
non-linear relation would not affect our results since we only
tested the grasp in one position, but it could certainly affect
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grasp quality more if the grasp configuration was changed
dramatically.
4. One study has calculated a task-specific grasp quality metric
for a specific robotic hand and compared it with the human
hand (Fu and Pollard, 2006), but the grasp limit has not been
found since they do not calculate the full grasp wrench set.
Another study has compared human fingers with optimized
robotic fingers, but they do not calculate grasp quality (Pollard
and Gilbert, 2002).
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