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An Anthropomorphic Robotic Finger With Innate
Human-Finger-Like Biomechanical Advantages
Part II: Flexible Tendon Sheath and

Grasping Demonstration

Yiming Zhu, Guowu Wei ¥, Member, IEEE, Lei Ren

Abstract—The human hand has a fantastic ability to interact
with various objects in the dynamic unstructured environment of
our daily activities. We believe that this outstanding performance
benefits a lot from the unique biological features of the hand
musculoskeletal system. In Part I of this article, a bio-inspired
anthropomorphic robotic finger was developed, based on which
two human-finger-like biomechanical advantages were elaborately
investigated, including the anisotropic variable stiffness associ-
ated with the ligamentous joints and the enlarged feasible force
space associated with the reticular extensor mechanisms. In Part
I1, the fingertip force-velocity characteristics resulting from the
flexible tendon sheath are studied. It indicates that the fingertip
force—velocity workspace can be greatly augmented owing to the
self-adaptive morphing of the flexible tendon sheaths, showing the
average improvement of 41.2% theoretically and 117.5% exper-
imentally compared with the results of 2 mm, 4 mm, and 6 mm
size rigid tendon sheaths. Grasping tests and comparisons are then
conducted with four three-fingered robotic hands (one with the
robotic finger proposed in Part I, one with hinge joints, one with
linear extensors, and one with rigid tendon sheaths) and the human
hands of six subjects to handle various objects on flat, rough, and
soft surfaces. The results show that the novel bio-inspired design in
this research could improve the grasping success rates of the robotic
hand. Compared with the grasping test results from the robotic
hand with the bio-inspired robotic finger proposed in Part I, the
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overall grasping performance of a robotic hand with hinge joints,
linear extensors, and rigid tendon sheaths decreases by 10%, 6%,
and 17 %, respectively. The results have also shown that with the em-
bedded biomechanical advantages, even without complex control
and sensory systems, the robotic fingers can achieve very compara-
ble performance to human fingers in the grasping demonstrations
presented, indicating average 94 % of the success rate achieved by
the human fingers. Successfully demonstrating 14 of 16 grasp types
in the Cutkoskey taxonomy further shows the human-finger-like
grasping capability of the proposed robotic fingers.

Index Terms—Bio-inspired robotic finger, flexible tendon
sheath, force-velocity workspace, robotic hand, grasping and
manipulation.

1. INTRODUCTION

HE human hand is a powerful and multifunctional tool.

During the interaction with objects, except for the dom-
inant control command from the brain, our hands can au-
tonomously adapt their posture, stiffness, contact force, and ve-
locity according to different object shapes, dimensions, weights,
softness, as well as different environments. For example, when
grasping a baseball, our fingers will autonomously adjust the
palmar orientation to make a larger contact area so that a more
stable grasp can be obtained. In our daily lives, our hands are
capable of picking up a peanut, a pen, or grasping an apple,
a bottle, even without consciously differentiating the motion
control command. These interactions often happen in dynamic,
irregular, unstructured, and uncertain environments, such as on
smooth or rough, soft or rigid surfaces. Moreover, our hands can
also perform numerous complex manipulations, such as playing
an instrument or performing surgical procedures, thanks to their
intrinsic advanced dexterity and versatility.

We believe that the musculoskeletal structures of the hand
provide basic and crucial conditions for its excellent perfor-
mance, inspiring the novel design of robotic hands. Modern
robotic hands have been studied for about five decades [1].
Though many advancements have been made, the grasping and
especially manipulation abilities of the current robotic hands
still cannot match human hands. This might be due to the lack
of fully understanding the biomechanical advantages of the
human hand and exploiting them in the development of robotic
hands. We hypothesize that there must be some underlying
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relationships between the versatile performance of the human
hand and its biomechanical mechanisms. To figure out the
underlying biomechanical principles and adopt these biological
mechanisms on the robotic hand/finger design, in Part I of this
article, an anthropomorphic robotic finger was developed, and
using it the biomechanical advantages of the ligamentous joint
and the extensor mechanism were revealed through theoreti-
cal analysis and experimental verification. Results from Part I
have shown that the anisotropic variable joint stiffness could
be obtained through ligamentous joint design and the fingertip
feasible force space could be enlarged by the reticular extensor
mechanism. Moreover, for accomplishing proficient grasping
and manipulation tasks, the fingertip force—velocity relationship
is continuously altered. This force—velocity relationship is de-
scribed as force—velocity workspace and is adjusted through the
transmission system, i.e., the flexible tendon sheaths. In this part,
by using the bio-inspired robotic finger developed in Part I of this
article, the fingertip force—velocity characteristics related to the
flexible tendon sheath are systematically investigated through
mathematical modeling and experimental verification. Itis found
that

1) Benefitting from its self-adaptive morphing function, the

flexible tendon sheath can autonomously adjust the mo-
ment arm of the joint, resulting in the enlargement of the
fingertip force—velocity workspace.

Further, to better illustrate how the human-finger-like struc-
tures influence the robotic fingers’ performance, grasping tests
are then conducted on a three-fingered robotic hand that is built
based on the proposed robotic finger. To make the compari-
son, three additional robotic hands with some specific different
structures were designed and developed. One of these additional
robotic hand has hinge joints in the finger, to replace the ligamen-
tous joints [see Fig. 3(c)]. The second additional robotic hand
has linear extensors in the finger [see Fig. 3(d)], replacing the
reticular extensors in the original design. The third additional
robotic hand uses the rigid tendon sheaths in the finger [see
Fig. 3(e)], instead of the flexible tendon sheaths. Every prototype
was then mounted on the same actuation platform to complete
the grasping tasks. The results show that the ligamentous joint,
the reticular extensor and the flexible tendon sheath could all help
improve the grasping capability of robotic fingers, especially
the flexible tendon sheath structure. Specifically, compared with
the robotic hand with the proposed highly biomimetic design,
the grasping success rates of the robotic hands with hinge
joints, linear extensors, and rigid tendon sheaths, respectively,
decreased 10%, 6%, and 17% on average in the proposed
grasping tests. The comparison results with the human fingers
indicates that, even without complex control or learning algo-
rithms, the proposed bio-inspired robotic fingers can perform
human-finger-like grasping performance in the tests presented,
showing average 94% of the success rate achieved by the human
fingers.

This article for the first time studies the influence of the
properties of the tendon sheath structure on the quasi-static
and dynamic behaviors of the finger. The mathematical model
of the flexible tendon sheaths system is for the first time pro-
posed for the theoretical analysis. The quick-release test is
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innovatively adopted to investigate the dynamic characteristics
of the fingertip. In addition, the individual impact of the ligamen-
tous joint, the reticular extensor, and the flexible tendon sheath
on the grasping performance is for the first time demonstrated
with the specific percentage of improvement obtained. This
article will not only lay the groundwork for further research
into biomechanics of human fingers/hands, but also inspire the
better design of robotic fingers/hands.

II. RELATED WORK

The force—velocity characteristics are often used to describe
the mechanical output power of actuators (muscles or mo-
tors) and end-effectors in biomechanics [2], [3] and robotics
research [4], [S]. It has important implications for evaluating
human muscle efficiency and fatigue [3]. The hyperbolic-like
force—velocity relationships of human muscles were normally
found by researchers in biomechanics and kinesiology [6], [7].
Haeufle et al. [8] and Schmitt et al. [9] adopted a quick-release
test to measure the biological muscle characteristics and had
obtained similar hyperbolic force—velocity relationships. In the
robotic systems, O’Brien et al. [5] designed an elastomeric
passive transmission pulley to optimize the robotic finger’s force
and velocity outputs. The pulley could autonomously adjust its
radius according to the tension on the actuation string. In their
work, the fingertip force and velocity were tested separately, and
no dynamic force—velocity characteristics were investigated as
those in the human muscles research. Their work provided an
idea that the endpoint force—velocity characteristics could be
adjusted through the design of the transmission system between
the actuators and the end effectors. Such a transmission system
exists in human hands which is functioned by the pulley-like
flexible tendon sheath structure. We believe that the flexible
tendon sheath structure potentially plays a role in regulating
and optimizing the fingertip force—velocity characteristics. Amis
and Jones [10] revealed the detailed structure of tendon sheaths
and found their bulging behavior during flexion. Lin [11] investi-
gated the mechanical properties of the pulley-like tendon sheath
system and explained its constraint function of the tendons in
preventing bow-stringing behavior. Some researchers have tried
to mimic the tendon sheath structure in robotic hand design. Xu
and Todorov [12] built simplified tendon sheaths by using laser-
cut rubber sheets in the development of an anthropomorphic
robotic hand and briefly introduced the function of the elastic
tendon sheath in adjusting the moment arm of the finger joint.
In other biomimetic robotic hand designs, Chepisheva et al. [13]
used PTFE tubes as tendon pulleys, and Mohd Faudzi et al. [14]
used polyethylene tubes as tendon sheaths, which were both
made from rigid materials. Tebyani et al. [15] printed the tendon
sheaths together with the bones by using some flexible printing
materials. Though researchers have attempted to adopt the ten-
don sheath structure of human fingers in the design of robotic
hands, no detailed study has been conducted to investigate how
the flexible tendon sheath influences the fingertip force—velocity
characteristics, no matter on human hands or robotic hands. In
this part of this article, we will investigate the impact of the flexi-
ble tendon sheath on the fingertip force—velocity characteristics
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Modeling and experiment about the impact of flexible tendon-sheath on fingertip force—velocity characteristics. (a) The schematic diagram of the

single-joint elastic tendon sheath pulley system (for quasi-static analysis); (b) the schematic diagram of the quick-release experiment on the single-joint model (for
dynamic analysis); (c) the robotic finger model with the flexible tendon sheath and three comparison robotic finger models with rigid tendon sheaths of different
thicknesses (6 mm, 4 mm, and 2 mm); (d) the test rig for the quick-release experiment; (e) the schematic diagram of the quick-release test rig.

in detail through both theoretical modeling and experimental
study.

III. AUGMENTED FORCE-VELOCITY WORKSPACE ASSOCIATED
WITH THE FLEXIBLE TENDON SHEATH

The flexible tendon sheaths can flatten down to hold the
tendons affixing to the phalanges when the finger straightens,
resulting in small initial moment arms at the joints. This allows a
fast-bending motion with slight flexion torques. Meanwhile, the
tendon sheaths can bulge out to accommodate the tendons and
locate them a distance away from the phalanges when the finger
bends. This leads to the increase of the moment arms at the joints
to generate large flexion torques with low bending speed [10].
Concerning these behaviors, the flexible tendon sheath system is
expected to show a similar force—velocity self-adaption function
to the elastomeric passive transmission systems discovered in
the research of O’Brien et al. [5]. Hence, in this section, both
mathematical models and experimental studies are carried out
to investigate the impact of the flexible tendon sheath as well as
the rigid tendon sheaths of various sizes on the force—velocity
characteristics of a finger.

A. Mathematical Model

Both quasi-static and dynamic performance contributed by
the tendon sheath are investigated in this section. Here, the
quasi-static force-and-velocity characteristics describe the max-
imal endpoint force and velocity that the finger can achieve. For
one pair of quasi-static force—velocity values, they respectively
correspond to the extremum force and the extremum velocity on
the entire curve. Thus, this pair of values is normally obtained
from the two endpoints of the curve. The reason we call them the

quasi-static force and velocity characteristics is that the endpoint
velocity can be extremely low (nearly static) when generating
the maximal force, and the endpoint force can be approximate
to zero (nearly no resistance) when outputting the maximal ve-
locity. While the dynamic force—velocity characteristics are the
practical working points on the curve, representing the endpoint
force and velocity that the mechanism can simultaneously pro-
duce during work. In fact, the working curve itself is a graphical
description of the mechanism’s dynamic force—velocity charac-
teristics. Both of the quasi-static and dynamic characteristics can
show the system properties from different aspects [5], [16], [17].
Therefore, both quasi-static and dynamic mathematical models
for characterizing the impact of the flexible tendon sheath on the
fingertip force—velocity characteristics are presented as follows.

For the quasi-static analysis, let us consider one finger joint
(PIP joint) as shown in Fig. 1(a). In this model, a tendon held by
the tendon sheaths is equivalently treated as a tendon held by two
elastic pulleys on each of the two adjacent phalanges. Here, we
make an assumption that the DIP joint is fixed at the zero-angle
position. In Fig. 1(a), 6 is the PIP joint flexion angle, [, is the
distance from the pulley edge to the rotation axis, d is the distance
between the tendon and the phalanx, A is the distance from the
tendon to the rotation axis, which equals to the moment arm
My, 1 is the distance from the PIP joint center to the fingertip,
F; is the tendon force, and v, is the tendon excursion velocity.

Referring to Fig. 1(a), the moment arm from the tendon to the
rotation axis can be derived as

l'r’[) lv‘p d . 9 1
sn(0/2) \twn(ey) ¢)(z) D

M, =h =
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In the quasi-static analysis, the viscous damping effects of
the tendon sheath can be ignored since there will be no force
generated by the viscous damping element in the condition of
quasi-static velocity. Thus, given that the elastic coefficient of
the pulley spring is k), and the initial length of the spring is do,
the relationship between the tendon force F3, and the distance d
can be expressed as

F,sin (0/2
dzdo—i-ti(/) 2)
kP
here d must satisfy that d < Ly
where a must satisty thal _tan(9/2)'

Then, the moment arm M, can be further formulated as

Mo = Lo si 0 d 0 F . 0 0
tr = lpp SIIL 3 + dp cos B + k—psm > Ccos 3
3)

where [,.,, do, and k,, are all constants during the flexion motion,
which are only related to the anatomical structure of the finger.

It can be seen from (3) that the moment arm increases as
the tendon force and the joint’s flexion angle increase. In this
equation, the first two terms can be considered as the kinematic
effects on the moment arm. And the last term can be regarded
as the effect of the elastic and flexible properties of the tendon
sheaths on the moment arm. Obviously, in the case when a rigid
tendon sheath is considered, the tendon force will not change
the moment arm, as in this case, k;,, becomes infinity and thus
the last term in (3) is neglectable. In (3), there is an assumption
that the moment arm My, is no less than the initial length of the
spring dg, with the minimum value dy occurring when the finger
straightens (0 = 0).

Then, the joint angular velocity w, and torque 7, can be
calculated as

Ut

Mtr

Using (4), the fingertip normal velocity v,, and force F;, can
be deduced as

s Tr = FtMtr~ (4)

Wy =

_ BM;, ®)

The above equation provides the quasi-static model that
relates the fingertip velocity and force. By substituting the
structure parameters into the above equations, the quasi-static
velocity—force relation affected by the property of the tendon
sheath can be characterised and illustrated.

For the robotic finger with the flexible tendon sheath designed
in Part I of this article, the structure and physical parameters
are as l,, = 6 mm, [, = 25 mm, dy = 2 mm, k, = 0.6 N/mm,
F; = 6N, and v; = 50 mm/s. Substituting these parameters into
(3) and (5), the relationships between the fingertip velocity and
flexion angle as well as the fingertip force and flexion angle can
be obtained.

In addition, for the purpose of comparison, rigid tendon
sheaths with the size of dy =2 mm, 4 mm, and 6 mm are
considered. With the other parameters being the same as that
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of the flexible tendon sheath, the corresponding relationships
for the fingertip velocity and force can also be characterised
through (3) and (5), but in this case, the last term in (3) is zero
as k, is much greater than Fy.

The simulation results are illustrated in Fig. 2(a) and (b). As
can be seen in the figure, with the flexible tendon sheath, the
finger can achieve high fingertip velocity when the flexion angles
are small [see Fig. 2(a)], and meanwhile, it can generate large
fingertip forces around the full flexion regions [see Fig. 2(b)].
However, for the finger with the rigid tendon sheaths, only one
of the situations can be achieved, e.g., the larger size of the
tendon sheath, the larger fingertip force but the lower fingertip
velocity. Further, for each rigid tendon sheath with the sizes
from 2 mm to 6 mm, the maximal values of the fingertip
force and velocity are calculated and represented as the solid
curve shown in Fig. 2(c), with the velocity being the z-value and
the force giving the y-value. Likewise, the maximal values of the
fingertip force and velocity of the robotic finger with the flexible
tendon sheath are also calculated and marked as one point
denoted with a red “+” (which is overlapped with the red circle
point). It should be noted that to make a rational comparison, all
the values in the z-coordinates are normalized with respect to
the maximum fingertip velocity of the flexible tendon sheath,
and all the values in the y-coordinates are normalized with
respect to the maximum fingertip force of the flexible tendon
sheath.

As can be seen in Fig. 2(c), a rigid thin tendon sheath
allows high fingertip velocity but poor force-generating capa-
bility. Conversely, if the size of the tendon sheath is great,
it can produce a large fingertip force but low velocity since
the tendon cannot be held close to the phalanx even at the
initial phase of the finger flexion. When a flexible tendon sheath
is used, the force—velocity property of the finger is greatly
improved. As shown by the red cross mark in Fig. 2(c), it
illustrates that the finger is capable of achieving both high
fingertip velocity and large fingertip force due to the addi-
tional moment arm regulation function of the flexible tendon
sheath.

Next, the dynamic force—velocity characteristics affected by
different tendon sheaths are investigated. To obtain the dynamic
characteristics of the fingertip force—velocity output, a quick-
release test is constructed and simulated in the theoretical model
in this section. The approach employed herein is commonly used
to investigate the force—velocity relation of muscle contraction
or bio-inspired actuators [2], [8], [9]. The schematic diagram
of the quick-release experiment on the single-joint (PIP joint)
model is shown in Fig. 1(b). The DIP joint angle here is also
assumed to be zero and constant. During the whole release
process of this model, /,.,, is the distance from the pulley edge to
the rotation axis, /. is the distance from the PIP joint center to the
fingertip, 6 represents the PIP joint flexion angle, d represents
the distance between the tendon and the phalanx, M;, is the
distance from the tendon to the rotation axis, which is also
the corresponding moment arm, F; is the tendon force, D is the
distance between the tendon sheath ends on the two sides of the
joint, m is the mass attached on the fingertip, v,, is the velocity
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the fingertip normal velocity and the joint flexion angle; (b) the quasi-static relationship between the fingertip normal force and the joint flexion angle; (c) fingertip
force and velocity theoretical results with the flexible tendon sheath in a 180 g load; (d) the comparison results of the dynamic force—velocity characteristics
with different tendon sheaths in single-joint theoretical models; (e) fingertip force and velocity experiment results with the flexible tendon sheath in a 180 g load;
(f) dynamic force—velocity characteristics of the four physical robotic finger models; (g) the normalized results of the theoretical and experiment data about the
quasi-static maximum force and velocity that different finger models can output. (Note: Yellow for 2 mm rigid tendon sheath; green for 4 mm rigid tendon sheath;

blue for 6 mm rigid tendon sheath; and red for flexible tendon sheath).

of the fingertip, and F),, is a constant external resistance force
applied to the fingertip in the normal direction, which equals
to mg. As the system is constructed on a horizontal plane, the
influence from gravity can be neglected in this model. Sy is a
spring element, and Sy D is a spring damping element. It should
be noted that the tendon sheath model here is different from
the one in the quasi-static analysis. In the dynamic condition,
the velocity of the tendon sheath will induce viscous damping

effects. And the force contributed by this damping element
cannot be ignored during the dynamic analysis. Therefore, the
tendon sheath model in Fig. 1(b) consists of an elastic element
and a parallel damping element.

To obtain the dynamic fingertip normal force and velocity out-
put when the system reaches the steady state after releasing, we
referred to the method used in [8]. This method can demonstrate
the variation of the fingertip force and velocity during the whole
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release process. And it can be formulated as
Fysin (%) = ko (d — do) + ed’
My, = l,psin (g) + dcos (g)

Lt mlrea// + Fp,

I,
re 6
Fy — F, = ky (D; — D) ©)
Fy My,
o=
Un = l7'eel

where
D=2 (lrp cos (g) — dsin (Q)
D; =2 (lrp cos (%) — d; sin (7)) @)
Fyisin (%) = ke (d; — do) .

Equations (6) and (7) are both obtained from the fundamental
force and geometrical conditions of the model. Throughout the
release process, only l,p, lre, m, and F},, are constant, and all
the other parameters will continually change after release. In (6)
and (7), k1 and k- are the elastic coefficients of the elements S;
and S,D, c is the viscous damping coefficient of the element
S9D, dy is the tendon sheath original size, d’ is the tendon
sheath contraction velocity, 8" and 6" are, respectively, the PIP
joint angular velocity and angular acceleration, F;, and v,, are,
respectively, the fingertip normal force and velocity, F}; is the
initial tendon force before release, D; is the initial distance
between the tendon sheath ends on the two sides of the joint
before release, d; is the initial distance between the tendon, and
the phalanx before release, and 6; is the initial joint angle before
release.

With the above derivation, numerical simulations are con-
ducted to illustrate the dynamic impact of the flexible tendon
sheath on the finger force—velocity behavior. These two sets of
differential equations were solved by using the ode45 tool box
embedded in MATLAB. The parameters used in the derivation
can be obtained from the geometries and material properties of
the robotic finger structures. They were [, = 6 mm, [,. = 25
mm, dy = 2 mm, 0; = 30°, k1 = 1.7 N/mm, ko = 0.6 N/mm,
c¢=2x10"* Ns/mm, and F}; = 13 N. The dynamic force—
velocity output analysis was conducted in various fingertip load
conditions, with the fingertip mass m varying in the range from
30 to 455 g with an increasing step of 25 g. The external resis-
tance force F;,, thus accordingly changes from 0.3 to 4.55 N with
the gravitational acceleration g = 10 m/s2. This fingertip load
range was selected since a larger load will exceed the loading
capability of the finger in the initial tendon force condition.
This will make the fingertip move in the opposite direction after
release. A smaller load will make the fingertip keep accelerating
during the whole release process in the finger joint motion range.

With (6) and (7), the fingertip normal force and velocity during
the whole release process can be calculated. Taking the test with
a 180 g fingertip load as an example, the fingertip normal velocity
and force variation process is demonstrated in Fig. 2(c). It can
be seen that the velocity gradually increases to a short peak
plateau and then slowly declines. Correspondingly, the fingertip
force keeps decreasing from the initial maximum value. It is
suggested that the steady-state velocity and force outputs appear
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when the velocity is in the peak plateau stage [8]. This time
period is marked as the shadowed block in Fig. 2(c). Thus, the
steady-state velocity vigp was calculated as the average value
of the velocities in this period. Likewise, the steady-state force
F1go can be calculated as the average value of the forces in this
period. In this way, we got a pair of data (v1sg, Fiso) to describe
the dynamic velocity and force work point of the robotic finger
in the 180 g load condition. Therefore, we can obtain a series
of points by changing the fingertip load, and they were fitted by
an exponential function, which is presented by the red curve in
Fig. 2(d).

For the finger with rigid tendon sheaths, the elastic coefficient
ko in (6) and (7) is assumed to be infinity. Thus, the distance
between the tendon and the phalanx d is constant and always
equals to the size of the tendon sheath dj. By setting the tendon
sheath size dy as 2 mm, 4 mm, and 6 mm, and using the other
parameters the same as those for the flexible tendon sheath
analysis, theoretical dynamic force—velocity characteristics of
the finger with these three rigid tendon sheaths can be calculated
and illustrated as shown in Fig. 2(d) (as yellow, green, and blue
curves, respectively). Referring to Fig. 2(d), the force—velocity
workspace is defined as the area enveloped by the characteristic
curve and the two coordinate axes, in which all the force—
velocity working points can be achieved by the robotic finger.
Taking the curve of the 2 mm rigid tendon sheath as an example,
in the range with the velocity of 82-1600 mm/s (calculated
by the allowed fingertip load), the workspace is indicated as
the yellow shadowed area. This workspace is much smaller
than the area under the red curve, which is associated with the
flexible tendon sheath. It can be obviously seen in the figure that
the dynamic force—velocity characteristic curve with the flexible
tendon sheath lays above the other curves with rigid tendon
sheaths, implying the flexible property of the tendon sheath can
theoretically enlarge the force—velocity workspace of a finger.
These results are verified with experiments in the following
section.

B. Experimental Verification

In this section, experiments are carried out to verify the theo-
retical analysis and simulation presented in the previous section.
Since the quasi-static force—velocity output can be obtained
from the two ends of the dynamic working curve, only dynamic
force—velocity characteristics are tested in this section. In order
to illustrate the influence of the flexibility of tendon sheath on the
force—velocity workspace of a finger, for the purpose of compar-
ison, three additional robotic fingers with rigid tendon sheaths
of sizes 2 mm, 4 mm, and 6 mm were designed and fabricated,
as shown in Fig. 1(c). To verify the prediction of the theoretical
model, the quick-release experiments were conducted. The test
rig is shown in Fig. 1(d) and (e). From left to right in Fig. 1(e),
the test rig contains a digital scale, a constant weight, a motor,
a connection spring, a robotic finger with the FDP tendon, a
force sensor slider, a track, a pulley, and a variable weight. For
the purpose of controlling the variables, the initial tendon force
was set the same for different finger model tests, which was
achieved by binding a constant weight with a motor that was
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connected with a spring. The weight was placed on a digital
scale to precisely read the value of the initial tendon force. The
spring was linked with the FDP tendon of the robotic finger, and
the fingertip was fixed to the press button of the force sensor
through a revolute joint. The force sensor slider, which is a
piece of calibrated force-sensing resistor (FSR) integrated with
an Arduino Nano Every board, can only slide along the track
horizontally so as to keep the testing press force and velocity
in a constant direction. At the other end, a variable weight was
connected with the force sensor slider through a pulley to provide
a variable fingertip load.

At the beginning of the test, the posture of the robotic finger
was set as 10° for the DIP joint, 30° for the PIP joint, 30° for
the MCP flexion joint, and 0° for the MCP abduction joint. The
variable weight was fixed so that the position of the fingertip
did not change as long as the initial tendon force was set. The
motor attached on the constant weight pulled the spring to exert
the tendon force to a predefined value. The initial tendon force
was set as 13 N, such that the fingertip could reach a steady state
during the motion with both small and large fingertip loads. The
digital scale showed the instantaneous force value, which equals
the gravity of the constant weight subtracting the tendon force.
For instance, if the constant weight used is 2 kg, the motor should
rotate to pull the spring until the digital scale shows 700 g (the
corresponding force 7 N converted from the readings on the
digital scale 700 g equals to the gravity of the constant weight
of 20 N subtracting the tendon force of 13 N).

After that, the variable weight was released, and the dynamic
fingertip force and velocity were recorded. During the test, the
Arduino board integrated into the FSR was set to collect the
force data at a 500000-baud rate in real-time. The velocity of
the slider was recorded by a high-speed camera at 960 frames
per second (fps) and then analyzed in ImageJ with a Manual
Tracking plug-in (Fabrice Cordelieres, 2005). The robotic finger
was tested with only the FDP tendon pulling and all the other
tendons were at rest. The experiment was performed with the
variable weights of values from 50 to 300 g with an increasing
step of 25 g. Each test was repeated five times.

Fig. 2(e) shows one of the experimental force and velocity
results of the robotic finger with a flexible tendon sheath under
an external load of 180 g. As can be seen, the fingertip velocity
increases at the initial stage and then reaches a quite short
plateau, followed by a drop at the end. Using the same approach
in the theoretical analysis, the steady-state force and velocity
outputs can be obtained (as illustrated in the shadowed block in
Fig. 2(e)). The average values of the velocities and forces in this
period (0.01 s) were calculated and used as the force—velocity
outputs. Assigning the velocity output as the z-value and the
force output as the y-value, we obtained one corresponding point
in Fig. 2(f). By varying the external loads, a series of (z,y)
coordinates can be obtained. And for the robotic finger with
flexible tendon sheath, the point cloud of these coordinates is
presented in red dots. In addition, a fitted curve of these dots [see
the red curve in Fig. 2(f)] is formulated and presented to show the
dynamic force—velocity characteristics of the proposed robotic
finger. Taking the same procedure, we conducted the tests and
collected point cloud data and their rational fitted curves for the

robotic fingers with rigid tendon sheaths, as shown in Fig. 2(f),
with the yellow, green, and blue curves representing the rigid
tendon sheath sizes of 2 mm, 4 mm, and 6 mm, respectively.

As can be seen from both the theoretical [see Fig. 2(d)] and
experimental results [see Fig. 2(f)], in terms of the rigid tendon
sheaths, the larger the size of the tendon sheath (such as the
blue curve representing the tendon sheath of 6 mm), the larger
the fingertip output force at low velocity, and the larger the
force—velocity workspace. Compared with the fingers with rigid
tendon sheaths, under the same condition, the robotic finger
with the flexible tendon sheath has a larger fingertip force scale,
fingertip velocity scale, and force—velocity workspace, as shown
in Fig. 2(d) and (f) with the red curves laying above all the
other curves. In the theoretical results shown in Fig. 2(d), the
workspace of a robotic finger with the flexible tendon sheath
(within the velocity range from 82 to 1600 mm/s) is nearly
41.2% larger than that of a finger with the rigid tendon sheaths on
average, with 69.4% larger than the 2 mm size one, 35.5% larger
than the 4 mm size one and 18.6% larger than the 6 mm size one.
Such a difference is even more significant in the experimental
results [see Fig. 2(f)], though the overall fingertip velocity is
slightly lower than that of the theoretical results owing to the
system friction. In the experimental results, within the velocity
range from 80 to 750 mm/s (this range was selected to make
sure there were data points on all tendon sheath curves), the
workspace of the robotic finger with the flexible tendon sheath
is approximately 117.5% larger than that of the fingers with the
rigid tendon sheaths on average, specifically 211.1%, 75.6%,
and 65.9% larger than the 2 mm, 4 mm, and 6 mm tendon
sheaths, respectively. The above results demonstrate a dynamic
and consecutive profile to show the force and velocity character-
istics that an artificial finger can achieve simultaneously at work.
Obviously, the robotic finger with the flexible tendon sheath can
work in a larger force—velocity workspace for better interaction
with various environments.

Additionally, the quasi-static maximum fingertip force and
velocity can be approximately obtained from the dynamic ex-
perimental results. For each force—velocity curve in Fig. 2(f), the
two ends of the curve give the approximate maximal values of the
force and velocity that the finger can generate. To better approach
the maximal values without causing too much deviation away
from the experiment data, the four fitted force—velocity curves
are extended by 5% of the experimental results. The values at
the two ends of the extended curves are then selected as the
approximate maximum force and velocity, i.e., the quasi-static
fingertip force and velocity. Likewise, all the results are nor-
malized with respect to the results of the flexible tendon sheath
and are presented as dots of different shapes in Fig. 2(g). As
can be seen, in the quasi-static case, the robotic finger with the
flexible tendon sheath (the red circle) still shows better force and
velocity performance compared with that of the fingers with the
rigid tendon sheaths. The experimental results agree well with
the theoretical results.

Through the theoretical and experimental studies in this sec-
tion, it is found that the robotic finger with the flexible tendon
sheath provides better quasi-static and dynamic force—velocity
characteristics and thus augments the force—velocity workspace
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Physical prototype of a three-fingered robotic hand system and different robotic hand models. (a) Three-fingered robotic hand system; (b) the proposed

robotic hand; (c) the robotic hand with hinge joints; (d) the robotic hand with linear extensors; (e) the robotic hand with rigid tendon sheaths.

of the finger. In addition, the results obtained in this study are
consistent with the work of O’Brien et al. [5], indicating that the
flexible tendon sheaths can serve as a transmission system in a
finger to implement the force—velocity self-adaptive morphing
that is similar to an elastomeric passive transmission pulley.
Hence, the results from this section suggest that the flexible
tendon sheath design could be used to replace the complex me-
chanical transmission system in a robotic finger for the purpose
of achieving a large force—velocity workspace.

The above and Part I of this article have studied three biome-
chanical advantages embedded in human fingers that can be
embodied in arobotic finger. To evaluate the overall performance
of the proposed robotic finger, a three-fingered robotic hand was
developed by using the proposed robotic fingers. And grasping
tests on objects of various shapes and materials under the flat,
rough, and soft surfaces were conducted in the next section.

IV. GRASPING LIKE HUMAN FINGERS

To demonstrate the performance of the robotic finger designed
with the aforementioned biomechanical advantages, grasping
tests were conducted on a three-fingered robotic hand system
shown in Fig. 3(a). The three-fingered robotic hand prototype
with the proposed robotic fingers is presented in Fig. 3(b). It
contains three of the proposed robotic fingers, one as a thumb,
one as an index finger, and one as a middle finger. The whole
robotic hand system is actuated by 12 Dynamixel MX-12 W
motors. Thereinto, five motors are for the thumb actuation,
including one for the abduction, one for the adduction, one for
the flexion, and two for the extension. And all the other seven
motors are for the index and middle finger actuation, including
two for the flexion of the index and middle fingers, two for the
extension of the index and middle fingers, one for the abduction
of the index finger, one for the abduction of the middle finger, and
one for the adduction of the index and middle fingers. Through
the power hub and USB2Dynamixel connector, the motors are
directly controlled by a PC. The index finger, the middle finger
and the thumb were selected to constitute the target testing
model because the basic grasping or pick-and-place operation

can be normally achieved by these three fingers. It is worth
noting that there are no position sensors or tactile sensors on the
fingers.

To illustrate the impacts of the ligamentous joint, the reticular
extensor and the flexible tendon sheath structures on the robotic
hand grasp performance, another three robotic hand prototypes
were developed as the comparison group as shown in Fig. 3(c)-
(e). Each model in the comparison group has only one kind of
structure that is different from the proposed bio-inspired robotic
finger design. The hinge joints were employed on the model in
Fig. 3(c) to replace the ligamentous joints. The linear extensors
were adopted on the model in Fig. 3(d) to compare with the retic-
ular extensors. And the rigid tendon sheaths (2 mm size) were
designed on the model in Fig. 3(e) instead of the flexible ten-
don sheaths. In the experiments, every prototype was mounted
on the same actuation platform to complete the grasping
tasks.

The grasping tests were conducted on five different objects
that were placed on three types of surfaces. The five target objects
were selected according to their specific shapes and softness,
including a peanut, a pen, a pair of sponge blocks, a piece of
tissue, and a playing card. The interaction surfaces were flat,
rough, and soft surfaces shown in Fig. 4(a) and (b).

To compare with the human finger grasping performance,
six human subjects (male, 25-28 years old) were asked to
complete the target grasping tasks with the index finger, the
middle finger, and the thumb by using the normal and natu-
ral grasping force and posture. Each grasping task was per-
formed ten times, and the corresponding successes and failures
were recorded. The human fingers grasp tests are shown in
Fig. 4(a), the average success rates of human fingers grasp-
ing from six subjects are shown in Fig. 4(c) with the blue
line, the orange line, and the grey line representing the results
on the flat surface, the rough surface, and the soft surface,
respectively.

For the three-fingered robotic hand grasping, a feed-forward
control system was constructed through the MATLAB Dy-
namixel Software Development Kit. And the “teach by showing”
programming method was used to operate the hand. The robotic
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Grasping test of human and robotic fingers with five target objects on three different surfaces. (a) Grasping tests of human fingers from six subjects;

(b) grasping tests of different robotic fingers; (c) the average success rates of human fingers grasping from six subjects; (d) comparison results of the grasping
success rates among different robotic fingers and human fingers. Videos of the grasping tests are provided in Appendix A (Extension 1 to 5).

hand was firstly moved to a standard posture by manually rotat-
ing the motors to pull the tendons. The motors have embedded
position sensors, and all the twelve motors’ positions were
recorded in a memory that the sequencer would read during
playback. It is noted that to avoid the slack phenomenon of
the tendon, when all the fingers are in the standard neutral
position, there is a pretension force on each tendon, which is
generated by manually rotating the motors until all the tendons
are straightened. With the same process, the hand was then
moved to a desired grasping posture. After that, some minor
modifications should be made to generate enough grasping
forces by the motors’ active actuation. It should be noted that
the grasping forces are mainly generated by the FDP tendon

contraction of each finger, the other tendons’ displacements
are only for maintaining the stable grasping motion. With the
target object grasped in the robotic hand, the FDP tendon motor
was controlled to keep rotating to pull the tendons. Benefitting
from the embedded torque sensor in the Dynamixel motor, the
torque of the motor can be recorded. It was found that 0.099
N-m motor torque, which could generate 9 N FDP tendon force
was enough for all the grasps. Thus, on the basis of the motor’s
manually rotated position, the FDP tendon motor continued to
rotate until the torque reached 0.099 N - m. Then the motors’
present positions were recorded, and the present posture of
the robotic hand was regarded as the final grasping posture.
Here, the sufficient grasping forces could still be considered
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TABLE I
AVERAGE GRASPING SUCCESS RATE OF THE HUMAN FINGERS FROM SIX
SUBIECTS (OUT OF THE 10-TIME TESTS)

Flat surface  Rough surface  Soft surface

Peanut 10 9.67 10
Pen 10 9.83 9.83
Sponge blocks 9.67 9.83 9.83

Tissue 10 9 10
Playing card 10 10 9.83

as the results of the motor’s position control. Therefore, when
the grasping was conducted, the motors could be controlled to
move to the recorded positions so as to drive the tendons to
make the hand achieve a specific grasping posture with sufficient
grasping forces. In this way, all the five objects could be poten-
tially grasped. Each grasping test on all the robotic hands could
be deemed to be conducted under the same actuation condition.
In addition, the whole robotic hand system was connected with
arobotic arm, and the whole grasping process could be demon-
strated as four steps. First, the robotic hand was controlled to
be opened. Second, the robotic hand was moved downward to
approach the target object until it reached the position where the
interaction distance was suitable for grasping. Then, the robotic
hand was controlled to make the grasp. Finally, the hand was
moved up to lift the object. Likewise, each test was repeated
10 times by all these four different robotic hands. The grasping
processes are shown in Fig. 4(b), and the corresponding success
rates of these tests are shown in Fig. 4(d). In Fig. 4(d), the
light blue lines represent the results of the robotic hand with
the proposed robotic finger design, the orange lines represent
the results of the robotic hand with hinge joints, the grey lines
represent the results of the robotic hand with linear extensors, the
yellow lines represent the results of the robotic hand with rigid
tendon sheaths, and the dark blue lines are the average results
of the human fingers which are obtained from Fig. 4(c).

The quality of grasping performance was determined by the
collaborative effect of the hand body, the interaction with the
target object and the environment, e.g., different surfaces. It
can be seen from Fig. 4(c) that the human fingers can achieve
quite high grasping success rate in all the grasping tasks, ben-
efitting from their unique structures and intrinsic self-adaptive
properties. However, it might be noticed that there are some
obvious failures in the tissue and peanut grasping on the rough
surface. This could result from the increased friction between
the object and the surface and the complex interaction between
the fingers and the surface. Moreover, there are some failures
during the sponge blocks grasping tests on all the surfaces.
The deformable material properties and the uncertain interaction
between two sponge blocks could be the reasons. The detailed
average grasping success rates of the human fingers are shown
in Table I.

For the grasping results of the robotic hands in Fig. 4(d),
the overall grasping success rate of the robotic hand with the
proposed bio-inspired design is higher than that of the other
three robotic hands and quite similar to that of the human
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fingers. Specifically, on the flat surface, the robotic hand with
the proposed design successfully grasped the peanut 9 times,
the pen 9 times, the sponge blocks 9 times, the tissue 10
times and the playing card 10 times, respectively, out of the
10-time tests each. Under the same conditions, the robotic hand
with hinge joints correspondingly performed 8, 7, 7, 10, and 8
times successful grasps. The robotic hand with linear extensors
completed 8, 9, 9, 10, and 9 times successful grasps. And the
robotic hand with rigid tendon sheaths shows 7, 6, 7, 10, and 7
times successful grasps. While on the rough and soft surfaces,
the average grasping success rate of the three robotic hands in
the comparison group dropped more significantly, especially in
the sponge blocks and the playing card grasping operations. On
the rough surface, the successful grasping cases of the robotic
hand with the proposed design appeared 8, 9, 8, 10, and 10 times,
respectively, in the peanut, the pen, the sponge blocks, the tissue,
and the playing card grasping tests. Correspondingly, the robotic
hand with hinge joints had 9, 8, 5, 10, and 9 times successful
grasps. The robotic hand with linear extensors had 8, 7, 8, 10,
and 7 times successful grasps. And the robotic hand with rigid
tendon sheaths had 9, 7, 6, 10, and 7 times successful grasps. On
the soft surface, the peanut, the pen, the sponge blocks, the tissue,
and the playing card grasping were successfully performed 9,
10, 8, 10, and 10 times by the robotic hand with the proposed
design, 10, 9, 8, 10 and 7 times by the robotic hand with hinge
joints, 8, 8, 9, 10, and 10 times by the robotic hand with linear
extensors, and 8, 8, 8, 10, and 5 times by the robotic hand with
rigid tendon sheaths. The detailed grasping success rate results
of the robotic hands are shown in Table II.

It can be noticed that all the robotic hands successfully
completed the tissue grasping tests by 10 times on all the
three surfaces. And the robotic hand with the proposed design
completed all the grasp tasks with no less than 8-time success
rate out of the 10-time tests. The robotic hand with hinge joints
performed worst in the sponge blocks grasping tests on the
rough surface, with only five times successful grasps. It may
be due to the fact that the sponge blocks will be compressed
and deformed when they are grasped. The complex interaction
forces between the two sponge blocks will make them quite
easily bound out if there are no stable enough external forces
to maintain their status. Compared with the ligamentous joint,
the hinge joint cannot provide high joint stiffness to make the
grasping stable. The fingers’ posture can be easily changed by
the counterforce during grasping, resulting in the bounding out
behavior of the sponge blocks. Besides, the rough surface is
more likely to influence the grasping posture of the robotic hand
with hinge joints, leading to a case of failure. As to the robotic
hand with linear extensors, it performed well on both flat and
soft surfaces. However, on the rough surface, the overall success
rates are a little bit lower. The reason could possibly be that the
rough surface more easily causes the interference during the
grasping interaction due to the reduced fingertip force resulting
from the linear extensor. For example, during the pen grasping,
the interference from the rough surface causes the improper
finger grasping positions on the pen body. This will introduce the
additional gravity torque, which the fingers with linear extensors
cannot generate sufficient grasping forces and torques to resist.
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TABLE II
GRASPING SUCCESS RATE OF THE ROBOTIC HANDS (OUT OF THE 10-TIME
TESTS)

(a) Flat surface

TABLE III
GRASPING SUCCESS RATES OF THE ROBOTIC HANDS NORMALIZED WITH
RESPECT TO THOSE OF THE PROPOSED MODEL

(a) Flat surface (out of the total 50-time tests)

. - Linear Rigid . - Linear Rigid
Proposed  Hinge joint Proposed  Hinge joint
extensor  tendon sheath extensor  tendon sheath
Peanut 9 8 8 7 Success rates 47 40 45 37
P 9 7 9 6 Normalized
o 1 85% 96% 79%
Sponge blocks 9 7 9 7 percentage
Tissue 10 10 10 10
Playing card 10 8 9 7 (b) Rough surface (out of the total 50-time tests)
. o Linear Rigid
Proposed  Hinge joint
(b) Rough surface extensor  tendon sheath
Linear Rigid Success rates 45 41 40 39
Proposed  Hinge joint N lived
Y she: ormalize
extensor  tendon sheath | 1% 9% 87%
Peanut 8 9 8 9 percentage
Pen 9 8 7 7
Sponge blocks 8 5 8 6 (c) Soft surface (out of the total 50-time tests)
Linear Rigid
Tissue 10 10 10 10 Proposed  Hinge joint &
Playing card 10 9 7 7 extensor  tendon sheath
Success rates 47 44 45 39
Normalized
(¢) Soft surface | 94% 96% 3%
) o Linear Rigid percentage
Proposed  Hinge joint
extensor  tendon sheath
Peanut 9 10 8 8 (d) All the surfaces (out of the total 150-time tests)
Linear Rigid
Pen 10 ? 8 8 Proposed  Hinge joint &
Sponge blocks 8 8 9 8 extensor  tendon sheath
Tissue 10 10 10 10 Success rates 139 125 130 115
. Normalized
Playing card 10 7 10 5 1 90% 949% 33%
percentage

Among all the robotic hands, the robotic hand with rigid tendon
sheaths showed the worst grasping performance. The reduced
fingertip forces and the weakened passive behaviour could be the
most likely reasons. For instance, the pen grasping necessitates
high demands on fingertip forces, where the failures are more
common. With the rigid tendon sheaths, the fingers cannot easily
achieve a proper grasping posture due to the poor interaction
capability with the external environment. This behavior could
be clearly observed during the playing card grasping tests. To
successfully grasp the card, the fingers should touch the card
and move it backward to the palm along the surface, forming a
proper grasping posture. This motion cannot be well performed
only by the fingers’ active actuation. The fingers should be able
to passively deform during the interaction with the card and
the surface. Otherwise, the conflict between the fingers’ active
motion and the surface will lead to grasping failures. The flexible
tendon sheaths could offset the passive deformation of the finger,
but the rigid tendon sheaths could not.

To better show the enhanced grasping performance of the hand
with the proposed robotic finger, the grasping success rates on
each interaction surface of the robotic hands in the comparison
group were normalized with respect to those of the proposed

model. For each surface, the successful grasping cases of all the
five objects performed by a certain robotic hand were summed
up as the evaluation of its grasping performance on this surface.
The results are shown in Table III(a)—(c). Specifically, on the
flat surface, the robotic hand with hinge joints, linear extensors,
and rigid tendon sheaths can achieve 85%, 96%, and 79% of the
grasping success rates of the proposed model, respectively. In
this case, the rigid tendon sheaths and the hinge joints structures
had more adverse impacts on the grasping performance. On the
rough surface, the robotic hands in the comparison group can
respectively achieve 91%, 89%, and 87% of the grasping success
rates of the proposed hand. In such a condition, the structures of
hinge joints, linear extensors and rigid tendon sheaths produced
negative impacts on grasping to a similar degree. The corre-
sponding normalized percentage goes to 94%, 96%, and 83%
on the soft surface, where the robotic hand with rigid tendon
sheaths had the worst performance. From the view of the whole
grasping tests on the robotic hands [see Table I1I(d)], obviously,
the robotic hand with the proposed design still performed better
than the other robotic hands in the comparison group. Compared
with the proposed model, the overall grasping performance of
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TABLE V
MULTIMEDIA EXTENSIONS (INCLUDING TESTS ON HUMAN FINGERS AND FOUR
THREE-FINGERED ROBOTIC HANDS WITH DIFFERENT STRUCTURES)

Proposed fingers ~ Human fingers Extension  Media type Description
S SS rates 47 49.67 1 Vid ippi
Flat surface tecess .ra s 1deo Nipping a peanut
Normalized 95% 1 2 Video Picking up a pen
percentage 3 Video Pinching two sponge blocks
Rough surface Success rates 45 48.33 4 Video Snatching up a piece of tissue
Normalized 93% 1 5 Video Drawing a playing card
percentage 6 Video Overview of the three-fingered robotic hand
N Success rates 47 49.5
Soft surface
Normalized
95% 1
ercentage . . . . . .
P £ despite the grasping difficulties introduced by the target objects
All the surfaces —oUuCeess rates 139 147.50 and the environments, our robotic fingers and human fingers
Normalized 949 1 could both cope with them very well. However, the human hand
percentage can complete many other grasps. The Feix and Cutkoskey grasp

the robotic hand with hinge joints, linear extensors, and rigid
tendon sheaths decreases by 10%, 6%, and 17%, respectively.
The results evidence that the proposed bio-inspired design could
enhance the robotic hand’s grasping capabilities, especially the
flexible tendon sheath and the ligamentous joint design.
Besides, to further show the human-finger-like grasping per-
formance of the proposed model, the success rates of the pro-
posed robotic hand are normalized with respect to those of the
human fingers, shown in Table IV. The list of videos for grasping
performance with robotic hands with different structures are
listed in Table V, with the associated videos supplied in the
supplemental materials. It can be seen that the robotic hand
with the proposed bio-inspired robotic fingers can achieve over
90% grasping performance of the human fingers on all the three
surfaces, with the average performance showing 94%. Overall,

taxonomies have been widely used to demonstrate the grasping
capabilities of the human and the robotic hand. Given that the
hand model only has three fingers, the Cutkoskey taxonomy was
adopted to validate its human-finger-like grasping performance.
The results are shown in Fig. 5. In the total of 16 types of grasps,
the three-fingered robotic hand completed nearly all the types
(the two missing ones could have been accomplished with two
additional fingers). These tests have successfully demonstrated
that the adopted structural design and materials of our robotic
finger could generate the human-finger-like grasping capability.
In the experiments, there are no tactile sensors used, and there
is no complex control system or planning algorithm involved,
however, the proposed three-fingered robotic hand can still show
excellent grasping performance similar to human fingers. Hence,
it indicates that by considering the biomechanical advantages in
the robotic hand design, it can not only improve the overall
grasping performance, but also reduce complexity in the control
system and simplify the planning and computation load.
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V. DISCUSSIONS

Building a robotic hand with the fantastic functionality to
grasp and manipulate objects like a human hand has always
been a dream for robotics research. By carefully studying the
musculoskeletal system of the human finger, this article devel-
oped a multilayer anthropomorphic robotic finger, which aims
to embody human-finger-like biomechanical advantages and
grasping performance, shedding light on the better design of
robotic fingers and hands. Through the theoretical modelling
and experimental study in Part I and Part II of this article,
we have demonstrated that the human-finger-like biomechanical
advantages and grasping capabilities can be achieved in a robotic
finger through sophisticated bio-inspired design based on the
understanding of biomechanics of the human finger.

A. Biomechanical Advantages

Referring to the previous study, the biomechanical advan-
tages of human hands are mainly associated with the biological
joints [18], [19], the extensor mechanisms [20], [21] and the
pulley-like tendon sheaths [10], [12]. Notwithstanding the great
progress already made, some specific biomechanical advantages
have not been clearly clarified or interpreted. Especially, when
we talk about the biomimetic robotic hand design, it mostly
relates to mimic the biological structures, hardly touching the
biomechanical advantages. The biomechanical advantages em-
bedded in the ligamentous joint and the extensor mechanism
have been comprehensively illustrated in Part I of this article.

With the corresponding bio-inspired design, the robotic finger
can achieve anisotropic variable joint stiffness and enlarged fin-
gertip feasible force space. This part reveals that the augmented
force—velocity workspace can be realized in the proposed robotic
finger due to the implementation of the flexible tendon sheaths.
The larger force—velocity workspace means a larger range of
force and velocity can be provided automatically and contin-
uously according to various demands and situations owing to
the self-morphing of the flexible tendon sheaths, and hence
the finger has better manipulability and dexterity. Taking the
baseball catch as an example, our hand needs to close rapidly to
catch the ball at the moment the ball touches the hand. Sufficient
grasping forces are then needed to hold the ball so that it won’t
fall off from the hand. The whole process happens in a very
short time, and our hand needs to quickly adjust from the high-
velocity mode to the high-torque mode according to the external
load. Such a process can put a heavy burden on the control
system of the conventional robotic hands, in which both fingertip
force and velocity need to be controlled to make instantaneous
changes. However, the flexible tendon sheaths could simplify
the complex control problem by self-adaptive morphing so as
to autonomously adjust the moment arm of the joint without re-
liance on any control or sensing system. This is a typical instance
showing the mechanical intelligence of the biological body. The
mathematical model established in this article is the very first
attempt to theoretically investigate the behavior of the flexible
tendon sheath, providing a theoretical method for analysing this
kind of mechanism. From this article, it can be found that by
approximately replicating the pulley-like flexible tendon sheaths

in the robotic finger, better quasi-static and dynamic force—
velocity characteristics were obtained. These results supplement
the findings on the functions of the tendon sheath structures in
human fingers, revealing another significant function apart from
constraining the tendons [10], [11]. Moreover, different from the
elastomeric passive transmission systems design in the research
of O’Brien et al. [5], the force—velocity self-adjustment of the
robotic finger in this article was realized by the smart flexible
tendon-sheath structure design on the finger body rather than
adding any other components in the mechanical transmission
system, which greatly simplifies the design of the whole robotic
system.

In addition, with the proposed biomimetic design, more char-
acteristics of the human finger can be exploited in the robotic
finger. Taking the biological joint as an example, together with
the articular bones, the capsuloligamentous structure forms a
tension-compression body, such that compression pressures will
only be exerted onto the bones, and tensions will only be loaded
on the joint ligaments and capsules. The unique joint structure al-
lows not only the flexion-extension and the abduction-adduction
motions, but also the supination-pronation motion [ 18]. This im-
proved dexterity leads to better interaction between fingers and
objects. Further, to prevent irreparable damage from unexpected
external impacts, the joints can be dislocated out of their normal
position and be easily repaired through joint reduction [22]. As
to the flexible tendon sheaths, they can also enhance the passive
behaviors of the fingers. For instance, passive deformation of
the tendons and muscles is demanded when the posture of a
finger tends to be changed by an external disturbance. Such
deformation can be partially compensated through the tendon
sheath’s adjustment to the joint moment arm, leading to a sim-
plified control for the tendon—muscle system. This behaviour
could be observed in the grasping tests.

The bio-inspired robotic finger designed in this article pro-
vides new insights into biomechanical advantages that other
robotic fingers/hands have rarely demonstrated. In terms of the
joint stiffness property, the conventional robotic hands with
hinge joints could hardly possess variable joint stiffness [23],
[24], including the metamorphic robotic hand with increased
degrees of freedom [25], [26], [27], [28]. The recent robotic
hands with elastic joints often used rubber-like materials or
springs, which traded away high joint stiffness for enhancing
hand dexterity [29], [30]. The variable joint stiffness could
have been potentially well achieved and demonstrated in the
biomimetic ligamentous joint design in several anthropomorphic
robotic hands [12], [13], [15], [19], but no sufficient study or
evidence has been presented. As for the function of the extensor
mechanism, a few novel biomimetic robotic hands tended to
adopt the extensor mechanism structure [12], [14], [21], [31].
However, limited investigation has been carried out to study
the mechanical outputs, especially the feasible force space of
robotic fingers, that can be benefited from such a structure.
Likewise, a number of tendon-driven robotic hands adopted the
design of tendon sheaths or pulleys, but most of these robotic
hands made this structure rigid only for guiding the tendon
routes [ 13],[14], [23], [24], [32], [33]. Some bio-inspired robotic
hands used flexible tendon sheaths so as to highly mimic the
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human hand structure [12], [15]. These flexible tendon sheaths
did help improve the performance of robotic hands, but no
detailed analysis, investigation or verification were addressed. In
this paper, these biomechanical advantages were systematically
investigated, simulated, verified, and eventually demonstrated
based on the proposed robotic finger, theoretically and exper-
imentally. The results have indicated that, by considering the
biomechanical properties in the robotic finger design, the de-
sired human-finger-like advantages such as anisotropic variable
joint stiffness, enlarged feasible force space, and augmented
force-velocity workspace can be achieved. Through the grasping
tests at the end of the research, the biomechanical advantages
embedded in the design of the proposed robotic finger are
proved to help enhance the grasping capability, especially the
self-adaptive morphing property of the flexible tendon sheath.

A human only has two hands to cope with the immense amount
of daily activities. Except for the sophisticated neural control and
sensing systems, the mechanical properties of the physical body
also play significant roles. As having been pointed out by Pfeifer
et al. [34], [35], physical constraints form the dynamics of the
interaction of the embodied systems with their environments,
and the better design of the mechanical system can reduce the
control complexity and relieve the computing burden [36] in the
robotic systems. With the biomechanical advantages embedded
in the biomimetic structures, even without the complex control
or sensing system, the robotic fingers can generate comparable
grasping performance to human fingers, indicating the properties
of the proposed robotic finger as adaptivity, versatility, and
dexterity.

B. Limitation and Future Work

The mathematical model of the flexible tendon sheaths system
was simplified and more sophisticated models need to be further
developed, and more accurate results could be obtained through
computational modelling. Furthermore, except for the grasping
capability, the manipulation capability could be explored and
demonstrated to better illustrate the advantages of the proposed
robotic finger design. Based on the robotic finger in this research,
the whole robotic hand model with five fingers and skin will be
developed in the future.

VI. CONCLUSION

This article for the first time systematically investigated and
demonstrated that three intrinsic human-finger-like biomechan-
ical advantages can be achieved in a bio-inspired robotic fin-
ger. The mathematical modeling and experimental verification
approaches were both employed. Particularly in this part, the
method of solving differential equations was implemented to
present the self-adaptive morphing behaviors of the flexible ten-
don sheaths that could regulate and augment the force—velocity
workspace of the finger automatically. All the theoretical results
were then verified by the experimental results based on the
tests that were carried out on the proposed robotic finger. The
results have shown that variable anisotropic finger joint stiffness
(see Part I), enlarged fingertip feasible force space (see Part
I), and augmented fingertip force—velocity workspace could
be achieved by integrating the biomechanical advantages in
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the robotic finger through biomimetic design. To further prove
that our highly biomimetic design could benefit the grasping
performance, four three-fingered robotic hands (one with the
proposed design, one with hinge joints, one with linear exten-
sors, and one with rigid tendon sheaths) were then developed
and tested. All the robotic hands have no complex control and
sensing systems. Grasping tests on objects of various shapes
and materials on flat, rough, and soft surfaces were conducted.
The results have shown that the robotic hand developed based
on the proposed robotic finger could achieve higher grasping
success rates compared with the robotic hands with hinge joints,
linear extensors, and rigid tendon sheaths. And it could achieve
comparable grasping performance to human fingers. Itis evident
that by properly integrating the biomechanical advantages of
biological organisms in the robotic system design, even without
adopting a complicated control system or learning approach, the
robotic system could still achieve excellent performance that
could normally be witnessed from human operations, with the
desirable properties like adaptivity, versatility, robustness, and
dexterity. From the view of biomechanics, this article provided
a theoretical and experimental background for the development
of a new generation of robotic finger/hand that may be able to
achieve the fantastic functions of human hands.

The work presented in this article can provide some insights
into the robotic finger/hand design. To obtain human-finger-
like biomechanical advantages and enhanced grasping capabil-
ities, the ligamentous joints, the reticular extensor mechanism
structures and the flexible tendon sheaths are strongly recom-
mended to be adopted in the robotic finger/hand design. For
the ligamentous joints, PET braided ribbons were selected as
the artificial ligaments of the proposed design since their fiber
materials and micro-structures enabled them to possess similar
load-deformation properties to human finger ligaments. The
origins and insertions of the ligaments can be found by referring
to their corresponding locations in human finger joints, and
using the mathematical model in this paper to accordingly adjust
and optimize a specific design. Besides, to improve the stability
of the joints without bringing too much tension resistance, we
adopted silicone—rubber-made capsules with wrinkle structures
to cover outside the joint ligaments. As to the reticular extensor
mechanism structures, we used the fishing-line tendons to fab-
ricate the extensor network owing to their high strength and low
friction resistance. The whole extensor mechanism structure was
weaved according to the simplified morphology abstracted from
Winslow’s tendinous rhombus model. Further, flexible tendon
sheaths are highly recommended in robotic finger/hand design.
Silicone rubber and the moulding process were used in the
fabrication of this proposed robotic finger, due to the moder-
ate tensile strength, elasticity, and elongation properties of the
silicone rubber. Inside the silicone rubber tendon sheath tunnels,
there were flexible PTFE tubes providing smooth contacts for the
tendon motion, which are indispensable for the whole flexible
tendon sheath structures.

APPENDIX
INDEX TO MULTIMEDIA EXTENSIONS

The videos are in the Supplementary Materials.
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