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Analysis and Synthesis of Underactuated Compliant
Mechanisms Based on Transmission
Properties of Motion and Force

Wenrui Chen

Abstract—This article analyzes and designs the transmission
structure for underactuated compliant mechanisms (UCMs). The
transmission structure of UCMs consists of serial and parallel
transmission chains. At first, the UCMs are classified systemati-
cally according to the number and distribution of the serial and
parallel transmissions. Next, the active and passive transmission
properties of motion and force in UCMs are analyzed on the defined
four subspaces of tangent and cotangent spaces of joint space.
Synthesizing the classification and the transmission properties of
UCMs, the congruent relationship between mechanical structure
and transmission function is established, and different cases of
UCMs are discussed and compared. A novel type of UCMs can
achieve the independent regulation of passive stiffness, active force,
and active motion that is useful for improving the transmission
performance in robotic and prosthetic hands. Finally, a functional
oriented design method is proposed and used to design a single-
actuator two-fingered gripper for enveloping and precision grasps.
The results demonstrate the validity of the proposed method.

Index Terms—Classification, design, mechanical compliance,
transmission structure, underactuated mechanisms.

I. INTRODUCTION

IVING robots the ability to perform functional move-
ments and to exert forces effectively on the external
environment is a fundamental task in robot design. The most

Manuscript received June 20, 2019; accepted December 28, 2019. Date of
publication March 3, 2020; date of current version June 4, 2020. This work
was supported in part by the National Natural Science Foundation of China
under Grant 61733004, Grant 51335004 and Grant 91648203, in part by Hunan
Key Laboratory of Intelligent Robot Technology in Electronic Manufacturing
under Grant IRT2018005, and in part by the Fundamental Research Funds for
the Central Universities under Grant 531107051013. (Corresponding authors:
Wenrui Chen; Caihua Xiong.)

W. Chen and Y. Wang are with the School of Robotics, Hunan University,
Changsha 410082, China, and also with the National Engineering Laboratory
for Robot Vision Perception and Control, Changsha 410082, China (e-mail:
chenwenrui @hnu.edu.cn; yaonan@hnu.edu.cn).

C. Xiong is with the State Key Laboratory of Digital Manufacturing
Equipment and Technology, Institute of Rehabilitation and Medical Robotics,
Huazhong University of Science and Technology, Wuhan 430074, China (e-mail:
chxiong @hust.edu.cn).

This article has supplementary downloadable material available at http:
/lieeexplore.ieee.org, provided by the authors. The material consists of a video,
viewable with Windows Media Player. The attached video shows: 1) the designed
prototype gripper with one actuator and two fingers; 2) measure experiments of
enveloping grasping and parallel grasping; and 3) examples of grasping executed
by the prototype gripper. The size of the video is 27.5 MB.

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TRO.2019.2963650

, Caihua Xiong

, and Yaonan Wang

straightforward strategy is to use the fully actuated method with
each robot joint driven independently by the actuators. In prin-
ciple, fully independent actuation offers the widest possibilities,
limited only by the robot kinematics. However, this design is
difficult to effectively integrate and control in many situations
such as multifingered dexterous hands and micromobile robots.
The other alternative is underactuated mechanism, with fewer
actuators than the degrees of freedom (DOFs), offloading some
of control to the physical structure. The design of the underactu-
ated mechanism is to embed mechanical intelligence [1] into the
transmission, thereby giving the mechanical system the ability to
passively adapt to the external environment in both motion and
force. Usually, to keep the mechanisms from incoherent motion,
itis embedded with passive elements, such as mechanical limits,
clutches, and springs. Among them, mechanical compliance is
of particular concern, because it can conform passively to the
external environment and improve the stability and robustness
of transmission. Because of its mechanical adaptability [2],
bioimitability [3], and simple control, underactuated compliant
mechanisms (UCMs) have been widely used in design of robots
such as walking robots [4]-[6], flapping-wing aerial robots
[7]-[9], and rehabilitation robots [ 10]-[12]. Especially in robotic
and prosthetic hands [13]-[16], the underactuated hands do not
only achieve enveloping grasp, but also are expected to perform
dexterous functions like human hands, such as precision grasp
[17] and in-hand manipulation [ 18]. In underactuated robots, the
underactuation and compliance transform the control complex-
ity based on sensing driven into the design complexity based on
mechanical adaptation.

In compliant underactuated manipulation systems, there exist
uncontrollable movements and forces [19], which may lead to
undesirable results such as ejection phenomenon [20], namely
that a grasp sequence can degenerate into ejecting the object.
To improve the performance of force and motion, an effective
method is to optimize the transmission. The design of transmis-
sion includes structure design and parameter design. Existing
optimization methods generally only optimize the parameters
of a given transmission structure. Birglen and Gosselin [21]
focused on optimizing geometric parameters of linkages that
generate positive contact forces in the maximum configuration
space. Dollar and Howe [22] optimized the joint compliant
coupling of an underactuated gripper in order to maximize
successful grasp range and minimize contact forces for a wide
range of target object sizes and positions. However, a good
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structure design could achieve effects that cannot be achieved
by parameter optimization alone.

The development of transmission structures of UCMs fol-
lows mainly two themes, namely, design for simplifying control
[23]-[25] and bionics [26]. A prototype robotic hand explicitly
utilizing underactuation was presented for the first time by
Hirose and Umetani [27] for softly and gently conforming to
objects of any shape and holding them simply actuated by a pair
of tendons. Hirose’s gripper adopted a differential mechanism
(DM). After that, different implementation forms of underac-
tuated mechanisms were used in robots such as linkage [13],
gear [28], continuum mechanism [29], and soft structure [16].
Taking inspiration from the synergy of human hand [30]-[32],
much work has been done in designing anthropomorphic hands
with few inputs [33]-[35]. For example, Brown and Asada [33]
designed a mechanical hand to restructure the first two posture
synergies with two actuators driving 17 joints of the whole
hand via a coupling mechanism (CM). To solve force indeter-
minacies in the kinematic model of synergies, soft synergy was
introduced [36]. The soft synergy is actually a CM embedded
with mechanical compliance. Catalano et al. [35] found that
there is an equivalent relationship between DM and CM, and
then built the Pisa/IIT SoftHand implementing the soft synergy
via a differential mechanism with flexible joints (DM-FJ). In
fact, among different types of UCMs, there are not only close
correlations but also significant differences with respect to the
transmission characteristics of force and motion.

In the transmission structure of UCMs, mechanical compli-
ance can be arranged in two distinct ways: in series with the
actuators (e.g., series elastic actuators) and parallel to the ac-
tuators (e.g., flexible joints). The series compliance, introduced
through series elastic actuators, has been studied extensively
[37] and applied in many robotic systems for reduced actuator
impedance [38], better collision safety [39], and improved force
control [37]. Variable stiffness actuators have built upon this idea
to simultaneously control the output joint torques and mechan-
ical stiffness [40]. The parallel compliance improves stability
and robustness to impact during grasping [41] and dexterous
manipulation tasks [42]. Parallel compliance was also used in
underactuated fingers of the SDM hand [14] to enable successful
grasping with uncertainty in target object location. Usually, both
series and parallel springs exist in a UCM. However, there are
few studies on the comprehensive analysis and discussion of
series and parallel compliance in mechanical system, involving
the transmission characteristics of force and motion.

This article presents a methodology to analyze and design
the transmission structures of UCMs. The closest work to this
article is in [21] and [43]. Birglen and Gosselin [21] focused
on serial transmissions in DMs and provided a tool to analyze
and compare different forms such as linkages, tendon pulleys,
and gears. The analysis and design in [43] were developed for
tendon-driven mechanisms, and could not distinguish between
serial and parallel structures and active and passive functions.
In our work, the analysis and design methodology of UCMs is
proposed on the relationship between the mechanical structure
of serial and parallel compliance and the active and passive trans-
mission properties of force and motion. The main contributions
of our work are as follows.
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Fig. 1. Serial transmission (a blue line) and two variants of a parallel trans-
mission (two red lines) in an underactuated mechanism.

1) A systematic classification of UCMs is proposed. This
classification is based on the number and distribution of
serial and parallel transmission chains.

2) Active and passive transmission properties of UCMs are
revealed through the annihilator and dual relationship in
the tangent space and the cotangent space of joint space.
The transmission properties describe completely the char-
acteristics of force and motion in UCMs.

In this article, the classification and the transmission prop-
erties of UCMs are synthesized, the congruent relationship
between mechanical structure and transmission function is es-
tablished, and different cases of UCMs are analyzed and com-
pared. Based on the analysis of transmission structure of UCMs,
a functional oriented design method is proposed and imple-
mented in a two-fingered gripper for enveloping and precision
grasps.

This article is organized as follows. Section II introduces the
unified kinematic model of UCMs and analyzes its stability.
Section III classifies underactuated mechanisms based on the
structure and distribution of the serial and parallel transmissions.
We analyze the transmission properties of motion and force of
UCMs in Section IV and establish the relationship between
the mechanical structures and the transmission functions of
the UCMs in Section V. Section VI gives a design method
of UCMs based on the transmission principles and verifies the
effectiveness of the proposed method via an example. Finally,
Section VII concludes this article.

II. UNIFIED KINEMATIC DESCRIPTION OF TRANSMISSIONS
A. Kinematics of Transmission

Consider an underactuated mechanism with n-DOFs driven
by m actuators. Let a € R and q € Q C R™ be actuator co-
ordinates and joint angle vectors, respectively. The joints and
actuators are constrained by [ transmissions. The transmission
variable T € R! is expressed as

T =T(q,a) = (D

Ts(q,a)
Tp(a)

where T € R is the transmission variable in series with the
actuators, and T, € Rl» is the transmission variable in parallel
to the actuators, as shown in Fig. 1. [, and [, are the numbers
of serial and parallel transmissions, respectively. The sum of
and [, is [

lo+1, =1. )
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Note that the transmission variables T are the deformation
amounts of the transmissions. Thus, the transmission variables
in series with the actuators are expressed as functions with
respect to a and q, whereas the parallel transmission variables
are only related with q, as shown in (1). In this article, the
positive deformation indicates elongation, whereas the negative
value represents compression. If a transmission is embedded
using a spring, the transmission variable is the elongation of the
spring. If a transmission is rigid such as a rigid gear chain, the
transmission variable is constant, specified as zero here.

Example 1: An underactuated mechanism with an actuator
and two joints is shown in Fig. 1. The serial transmission variable
Ty is the elongation of the rope, expressed as

Ts =Ts00 — T's141

where r49 and rg; are the corresponding pulley radii, respec-
tively. If the rope deformation is not taken into account, T = 0.
The parallel transmission variable T, is

Tp = Tp14q1 + Tp242

where 7,1 and 7,9 are the corresponding pulley radii, respec-
tively. When the routing direction of the rope on the pulley
changes, the transmission equation also changes. The transmis-
sion variable 7}, in Fig. 1 is

T, = rpiqr + (—=7p2)q2-

Comparing the transmission equations of 7}, and T];, it is not
hard to find that the routing direction of the rope on the pulley
2 affects the sign in front of the corresponding pulley radius in
the transmission equation. Thus, these two routing methods can
be represented by either of the above two equations when the
domain of 7, is defined as 1,2 € R. The absolute value of 7
is the pulley radius, and the sign represents the routing direction
of the rope on the pulley. 1,2 = 0 means there is no pulley or
the rope passes through the axle. If not specified in this article,
the displayed routings in the examples are selected in such a
way that the parameters of the pulley radius r; are positive in
the corresponding equations.

The derivative of the transmission variables is expressed as

5T,
5T,

Jsl JsQ 5q

3
J, O da ®)

where the transmission Jacobian matrices J¢; = % € Rlsxm,

Joo = % € RLxm and J, = d;:f € Rl>*"_ Then, from the
virtual work principle, the equilibrium equation of this trans-
mission mechanism is given as

T _ le JZ; fTs (4)
f, J5, 0| |fp,

where fr is a force generated in the serial transmission, fr), is
a force generated in the parallel transmission, f, is the actuator
force, and 7 is the external force described in joint space. The
external force may be from the contact with the environment in
robotic hands and walking robots, or from the aerodynamic drag
in flapping wing robots.

B. Stability of UCMs

Next, consider serial and parallel transmissions that utilize
elastic mechanisms in their construction. Elastic elements in
the serial transmissions are called serial springs, and elas-
tic elements in the parallel transmissions are called paral-
lel springs. The elastic potential energy of a UCM can be
expressed as

1
V(qv a) = iT(qv a)TKTT(qv a) (5)

where Kyp = diag(K,, K,) = diag(ke1, ..., ks, kp1, ...,
kplp) is a stiffness matrix, kg;,¢ =1,...,[s, is the stiffness
of the serial springs, and ky;,¢ =1,...,1,, is the stiffness of
the parallel springs. The elastic force f7 = [f7, f7,,]” can be
expressed via the partial derivative of V(T)

oV (T)

The second-order partial derivative of the elastic potential
energy with respect to (g, a) is

ot 0%V | dq
=73 @)

5fa 8((1, a) da
where 8(6:73)2 = [Iléqqa If(g;"} is a system stiffness matrix. Then,

(7) could be rewritten as
o0t =-K,;iq - K, da (8)
T

of, = —K,,0q — K,da. )

The complexity of the expression of the system stiffness
matrix is influenced by the transmission Jacobian matrices.
In order to avoid unnecessary trouble caused by the complex
expression of the system stiffness matrix, consider linear trans-
mission mechanisms such as gears and tendon pulley in this
article. Then, the transmission Jacobian matrices are deter-
mined by structure parameters, nothing to do with joint angles
and actuator coordinates. Thus, the system stiffness matrix is
expressed as

K, = leKstl + JZ:[;KpJp
Ka - JZQKSJSQ
an = leKsJSQ

and the relationship of forces and coordinates of the transmission
mechanism can be expressed compactly as

(10)

T K, Kqu | |Agq (11
f, KqTa K, Aa
where Aq = q — qo, Aa = a — ag, qg is the vector of initial
joint angles, and ag is the vector of the corresponding initial
actuator coordinates. Therefore, {q, a} is the state variable of
the transmission mechanism. At the initial state {qg, ao }, there
are zero external force and zero actuator force. If no otherwise
specified, the initial state is set to be zero, qg = 0 ag = 0.Then,
we define an equilibrium point as follows.
Definition 1: The state x = {q,a} is called an equilibrium
point of the transmission mechanism if the external force 7 is
Zero at X.
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A stable equilibrium point is defined as follows.

Definition 2: If the external force generated by any infinites-
imal joint displacement returns the state to the equilibrium point,
then the equilibrium point is stable.

Definition 3: Transmission mechanisms are called stable
transmission mechanisms if a stable equilibrium point exists.
Otherwise, the transmission mechanisms are unstable.

The following theorem gives a sufficient and necessary con-
dition to judge the stability of a transmission mechanism.

Theorem 1: The transmission mechanism is stable, if and
only if rank([J%}, JT]) = n.

Proof: Because the stiffness matrix K is positive definite,
the following equation always holds with respect to any vector
y € R andy # 0:

y Kry > 0. (12)

Denote A = [J]} JT'] € R™*!.If rank(A) = n, the matrix
A is row full rank. Thus, the transformationy, = ATzis injec-
tive, namely that any z # 0 maps to a vector y, = ATz # 0,
then according to (12), we obtain

2" AKTATZz > 0.

So, AK+AT | which is the matrix K,, is positive definite,
and the transmission mechanism is stable.

If rank(A) # n, namely rank(A) < n, the matrix A is not
row full rank. Thus, z; # 0 lety, = ATz; = 0, then

2] AKpATz, =0

which means that when a joint displacement along the vector
z1 happens, the potential energy of the mechanism system does
not increase to generate restoring force. Hence, the transmission
mechanism is unstable. |

According to Theorem 1, if [, +1, <n in a UCM, it is
unstable during free motion. According to (10), the stiffness
matrix of joint space is

T
Jsl Ks Jsl

K, =AKrA" = p .
P P P

In a stable transmission mechanism, the matrix [JZ, JT']is
row full rank and K, is positive definite. In this article, we are
mainly interested in stable transmission mechanisms.

Example 2: Consider an underactuated mechanism with two
joints driven by an actuator, as shown in Fig. 3(e). There are
a serial transmission and two parallel transmissions in this
mechanism. Its transmission equation is

To1=a—raq —Ts2q2

Tpl =q1

Tp2 = Q2
where Tq, 1)1, and T2 are the deformation amounts of the
corresponding springs. According to (3), the transmission Jaco-
bian matrices are Jo1 = [—751 —rs2],Js2 = 1,and J,, = I?*2.
rank([J7; JI']) = 2, so this transmission mechanism is stable.
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According to (10), the stiffness matrix Kis

kpl + ks’l"zl

ks'rsllrs2

ksrslTSZ
2
kpo + kstiy

q

which is positive definite. It means that the system can return to
equilibrium after the external disturbance is removed.

IIT. CLASSIFICATION OF UNDERACTUATED MECHANISMS

This section classifies underactuated mechanisms based
on the structure and distribution of the serial and parallel
transmissions.

A. Constraint of the Transmissions

Consider serial and parallel transmissions that utilize elastic
mechanisms in their construction, then [, > m. Consider the
serial transmissions independent of each other. If the number
of serial or parallel transmissions is more than n, the extra
transmissions can be linearly represented by the 7 transmissions.
Thus, the number of serial transmissions is constrained by

m<l, <n. (13)

Likewise, the number of parallel transmissions is constrained
by

0<1, <n. (14)

From Theorem 1, it is not hard to find that the stability of
an underactuated mechanism is determined by the rank of the
matrix [J7, JT']. According to the basic relationship of matrix
rank, the following inequality is true:

rank(J 1) + rank(J,) > rank ([J1, JT]). (15)

According to Theorem 1, a sufficient and necessary condition
for a stable mechanism is rank([JZ, JZ']) = n. Thus, (15) is
rewritten as

a1, >n (16)

which means that the minimum number of transmissions is n for
a stable underactuated mechanism.

According to (13), (14), and (16), the scope of the numbers
of serial and parallel transmissions for a stable underactuated
mechanism is given with a convex polygon ABCD in Fig. 2.
According to (13) and (14), the edge CD is constrained by the
number of serial transmissions, whereas the light gray edges
A-B-C are constrained by the independence of serial or parallel
transmissions. The black edge AD is constrained by the stability
of the UCMs according to (16). There are two cases in (16),
which are given as follows:

1) ls+1, =n: a UCM with minimum transmissions for

stability;

2) ls + 1, > n: a UCM with redundant transmissions.

During free motion before contacting with environment,
7 = 0. Substituting 7 = 0 into (11), the actuation force can be
derived

f, = (KK, 'K — K,) Aa. (17)
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Fig. 2. Feasible interval of the numbers of serial and parallel transmissions
for a stable UCM.

If Iy + I, = n, then [JT, JT'] € R™*™ is a nonsingular ma-
trix. Thus, the following equation is true:

Jsl
Ja=[I 0] 3, (18)
then
J -1
sl
JSI[JJ =[I o]. (19)

Substituting (10) and (19) into (17), then f, = 0. Hence, a
UCM with minimum transmissions (/s + [, = n)does not need
the actuators to counteract the elastic force in free motion,
whereas the actuation force exists in a UCM with redundant
transmission (I + I, > n)during free motion.

B. Distribution of Serial Transmissions

To analyze the serial transmissions, the elastic elements are
eliminated in the underactuated mechanisms, namely the parallel
springs are disconnected and the serial springs are toughened.
Thus, there are not parallel transmissions but serial transmis-
sions. Meanwhile, the serial transmissions are rigid, so Ty = 0.
The transmission function is expressed as

T =T,(q,a) =0.
Then, (3) is rewritten as

J516q+J525a: 0. (20)

Equation (20) can be simplified under two extreme values of
lsin (13) as follows.
1) Is = n: The matrix J5; € R™*™ is reversible. Equation
(20) is rewritten as

6q = Céa (21)

where the transmission matrix C = —J ' J ;2. The joint motion
is constrained in the image space of C, and there is a one-to-one
mapping between actuator coordinates and joint angles. Hence,
this transmission is rigidly coupled, called CM. Fig. 3(a) con-
ceptually illustrates a tendon-pulley CM with a motor actuating
two joints, whose transmission equation is

O=a—-raq
0=a—"70q "

TABLE I
NUMBERS OF SERIAL AND PARALLEL TRANSMISSIONS FOR
FOUR BAsIC CASES OF UCMs

Differential (/, =m )
[,=m, 1, =n(Case C)

Coupling (/,=n)
[ =n, lp =n (Case B)

Redundant (/>n )

Minimum (/=n) |, =m, lp =n—m(Case D) |[ =n, lp =0 (Case A)

Thus, the transmission matrix is

T
C= [l/rsl 1/7"52] (22)
The equilibrium equation is written as
f,=-CTr (23)

whose inverse mapping, from actuation force to joint torque, is
nonunique. It means the system is statically indeterminate. In
the CM, determined motion and statically indeterminate force
coexist. To deal with the statically indeterminate, compliance is
generally included in the CM [44], as shown in Fig. 3(b).

2) Iy = m: The matrix Jso € R™*™is reversible. Equation

(20) is simplified as
da = Ddq (24)
where D = —J ) J ;. The equilibrium equation is written as
r=-DTf,. (25)

The transmission mechanism operates on torque instead of
joint motion, called DM. A tendon-pulley DM is illustrated
conceptually in Fig. 3(d), whose transmission matrix is

D= [rsl TSQ] . (26)

Equation (24) highlights the nonuniqueness of the position
attained by a DM. All possible joint motions satisfying (24) for
da = 0 span the kernel of D. It is exactly these kernel motions
that provide DMs with the adaptivity to physical environment
in grasping or moving. In practice, the random kernel motion
is constrained by passive elements such as springs, mechanical
limits, or through the interaction with external environment such
as the automobile differential maintaining traction on the bumpy
ground without closed-loop control. For example, a mechanism
in Fig. 3(d) is embedded with joint springs.

C. Classification of UCMs

From the above, the UCMs are classified from the following
two aspects: the number of serial transmissions and the sum of
serial and parallel transmissions. According to the last section,
from the number of serial elastic elements, two extreme values
in (13) reflect two classes of the underactuated transmission
formations, namely DM (I, = m) and CM (l5 = n). According
to (16), the UCMs are divided into two classes: with minimum
transmissions (I = n) for stability, and with redundant transmis-
sions (I > n). We can get four cases of UCMs by combining the
two taxonomies, as shown in Table I. Four vertices, A, B, C, and
D, of the feasible region in Fig. 2 represent the four cases shown
in Table I. The feasible region ABCD is a convex quadrangle so
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(2) (b)

T,=alr,—q,
T,=alr,—q,

a
<4
—
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(©)

(d) (e)
T, =a—-r,q,— 1,4,
T,=q
T,=4,

O=a-r,q -1y,

Fig. 3.

T, =a-r,q,— 19,
T, =—r,q,+7,4q,

Six cases of underactuated mechanisms illustrated with one-actuator two-jointed mechanisms. Note that the transmission equations are given in the

corresponding figures, and the transmission variables T's and T}, are the elastic deformation amounts of the corresponding springs. (a) CM. (b) SCM (Case A).

(c) SCM-FJ (Case B). (d) DM. (e) DM-FJ (Case C). (f) DM-CC (Case D).

that any point in the feasible region can be obtained by convex
combination of the four vertices. The four vertices represent four
basic cases under the two taxonomies, as shown in Table 1.

Case A in Fig. 2 is called soft coupling mechanism (SCM),
which does not have parallel transmissions but n serial trans-
missions such as shown in Fig. 3(b). This mechanism has
the minimum number of transmissions for stability, so that
the actuator does not counteract the elastic force during free
motion. However, it has to use bidirectional transmissions for
reciprocating motion.

Case B in Fig. 2 is called soft coupling mechanism with
flexible joints (SCM-FJ), which has n serial transmissions and n
parallel transmission, as shown in Fig. 3(c). In this mechanism,
the transmissions are arranged redundant so that there exists
actuation force to counteract elastic force during free motion.
The elastic forces can be used as restoring forces when the
mechanism is implemented with unidirectional transmission.
Meanwhile, the existence of the elastic internal forces limits
the values of the spring stiffness, because the greater the value
of the spring stiffness is, the larger actuation force is required to
counteract elastic internal force during free motion.

Case C in Fig. 2 is called DM-FJ, which has m serial trans-
missions and n parallel transmission, as shown in Fig. 3(e).
The layout of the redundant elastic springs let this mechanism
appropriate for unidirectional transmissions.

Case D in Fig. 2 is called differential mechanism with compli-
ant couple (DM-CC), which has m serial transmissions and n—m
parallel transmissions, as shown in Fig. 3(f). The layout of the
minimum elastic springs does not need the actuator to counteract
the elastic force in free motion but has to use bidirectional
transmissions for reciprocating motion.

Note that the examples of planar two-jointed mechanisms in
Fig. 3 are for explanation of the four basic cases. According to
the analysis in Sections III-A and I1I-B, the classification method

is based on the transmission mechanisms between actuators
and joints and not affected by the kinematic configuration of
mechanisms such as planar and spatial systems, number of
joints, and shape and dimension of the structures. Although
the examples in this article are tendon driven, the classification
method is not affected by the mechanical forms of UCMs such
as linkages and gears.

Other transmission formations can be regarded as combina-
tion of the four basic cases. For example, in the RTR II hand
[45], the flexion of eight joints of three fingers is driven by an
actuator viaan SCM and three DM-FJs. The actuator drives three
serial transmissions to flex the eight joints. Another example is
the X-hand [46], where 12 joints of four fingers are driven by
two actuators via an SCM and four DM-CCs. The two actuators
drive four serial transmissions to flex the 12 joints. MABEL [47]
utilizes the combination of a DM-CC and two CM to design a
leg for walking and running.

IV. MOTION AND FORCE ANALYSIS

Although there are different cases in UCMs, their transmis-
sion properties of motion and force can be described uniformly.
In this section, we analyze the transmission properties of motion
and force in joint space. To study the motion and force ability of
UCMs, we introduce two subspaces of joint tangent space 75,
and two subspaces of cotangent space T}, ().

Definition 4: In a stable UCM, free joint motion under no
external force is defined as active motion. A space spanned by
all the active motion is active motion subspace (AMS).

Substituting 7 = 0 into (11), we can get

Aq=-K, 'K ,Aa 27)

which is a set of stable states under no external force, defining
an m-dimensional submanifold in joint space, denoted as M. At
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each q € M, the tangent space of M, T; M, is the AMS. An
active motion is expressed as

sqa = K, 'Kg.ba. (28)

The AMS can be expressed as the image space of K;qua,
im(ququa). The dimension of AMS, dim(AMS), is m.

Definition 5: If a joint motion does not have influence on the
actuator coordinates and actuation force, such joint motion is
defined as passive motion. A space spanned by all the passive
motions is passive motion subspace (PMS).

Substituting 6f, = 0 and da = 0 into (9), we obtain

K!.6q=0 (29)
which is the constraint equation of passive motion. The PMS can
be expressed as the kernel space of K7, ker(K7,). dim(PMS)
= dim(ker(K{,)) = n—m.

Definition 6: If the mechanism does not move under the
control of the actuators when an external force acts on an under-
actuated mechanism, such an external force can be controlled
and the corresponding joint torque is defined as active force.
A space spanned by all the active forces is called active force
subspace (AFS).

According to Definition 6, the active force is exerted by the
actuators to counteract a corresponding external force that does
not cause mechanical motion. Thus, an active force and its
corresponding external force are actually a pair of counteract-
ing forces. Substituting g = 0 into (8) and (9), the external
force is

-1
0T = Kqo K, " 0f,
whose reactive force is an active force, described as

674 = —K,o K, 1 0f,. (30)

The column vectors of the matrix K,,K,' span the AFS.
dim(AFS) = dim(AMS) = m.

Definition 7: If an external force does not have influence on
the coordinates and force of the actuators, the corresponding
joint torque is defined as passive force. A space spanned by all
the passive forces is passive force subspace (PFS).

Given da = 0 and 6f, = 0, (7) is rewritten as

K/ K. 'ér=0 31

which describes the passive force. The PFS is expressed as
ker(KL, K, 1). dim(PFS) = dim(PMS) = n—m.

Let §V = 6qTK,dq be the change in elastic potential energy
of the mechanical system [48]. It endows 7, with a natural
Riemannian metric K. Using this metric, the weighted inner
product of any two points dqy, dqz € T;,() is defined as

((6a1,0a2))x, = 0] Kgdan

and the orthogonal complement of T, M can be defined as

T, = { a1 € T,Q| (Gar, Sas))c, =0 Voap € T,M }.
32

The cotangent space 1, M consists of covectors that annihi-
late vectors in

oM = {57’ € T;Q’ (67,6q) = 0770q =0 Véq € qu\f(;}
)

and the orthogonal complement of 7 M can be defined as
T;M* = {71 eT;Q|(r,6q) =0 Yoqe T,M}. (34

The tangent space and cotangent space can be expressed as
the direct sums of their subspaces, respectively

T,Q =T,M ® T,M~
* o * * 1
T;Q=T,M®T;M".

Take any points dq 4 in AMS, dqp in PMS, 674 in AFS, and
07, in PFS, respectively, the following equations are true:

((0ca.0ap))k, = (-K, ' Keada) Kdqp =0 (35)
(674,0ap) = (K, K, 6f,)T0q, =0 (36)
(07p,6qa) = omp" (K, 'Kgqba) = 0

<<(5TA,(STP>>K;1 =0. (37)

According to (32)—(34), the PMS is T, M L the AFS is T;M s
and the PFS is T,/ M L. In conclusion, we can get the following
properties.

Property 1: The motion and force spaces can split according
to

T,Q = AMS & PMS
Tw,Q = AFS @ PFS.

Property 2: AFS is the annihilator of PMS, and PFES is the
annihilator of AMS.

Remark 1: According to the above two properties, the four
subspaces can be divided into two groups: the first group consists
of AFS and PMS, and the second group is made up of AMS
and PFS. According to (29) and (30), AFS and PMS both are
determined by K,. According to (28) and (31), AMS and
PFS both are determined by —K;qua. Thus, the two matrices
determine the transmission characteristics of motion and force
in any UCM.

Example 3: Analyze the four subspaces of a DM-CC in
Fig. 3(f). The transmission equations of the mechanism are

T, =
TP

and the system stiffness matrices are

a — Ts1q1+7s52G2

—Tp1q1 + Tp2q2

2 2
ksriy + kprp1

. ksrsl’rs2 - kap1Tp2
=
ksrslrs2 - kaplrpQ

2 2
ksrio 4+ kprpo

qa — [_ksTSI _ksTSQ]T
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TABLE II
GROUP OF PARAMETER VALUES OF THE MECHANISM IN Fig. 3(F)

IEEE TRANSACTIONS ON ROBOTICS, VOL. 36, NO. 3, JUNE 2020

Parameters 7y 7 T "2 k, kp
Values 6 4 6 6 50 2.5
Unit of measurement: mm, N/mm.
| ——AMS_ 1 AFS
— PMS PFS
0.5 05
o g
<
S £ 0
=< &
(o]
0.5 Tl0s
-1 -1
-1 0 1 -1 0 1
q,(rad) 7,(N-mm)
(a) (b)
Fig. 4. (a) AMS/PMS and (b) active/passive torque subspace in the tangent

space and cotangent space of joint space of the mechanism in Fig. 3(f) with the
parameter values in Table II.

According to (28), the active motion equation is

PR L T AL P
T's1Tp2 + Ts2Tp1 l/TpQ

The direction vector of AMS is [1/rp1 1/7p2 ]T. According
to (30), the active force equation is

T's1

5 fa.

0TA =
T's2

The direction vector of AFS is [751 7s2]T. According to (29),
the passive motion is constrained in

[7‘51 TSQ] 0q = 0.

The direction vector of PMS is [1/75; —1/rs2]T. According
to (31), the passive force is constrained in

[1/rp1 1/rp2] or = 0.

The direction vector of PFS is [7,1 —7p2 ]T. In this mecha-
nism, the AMS and PFS are determined by the same parameters
(rp1,7p2), and the AFS and PMS are determined by the other
parameters (s, 7's2).

Given a group of parameter values of the mechanism as shown
in Table II, we can get the four subspaces as shown in Fig. 4,
and the corresponding four characteristic directions are shown
in Table III. The K,-weighted inner product of AMS and AMS
is zero, and the K, !-weighted inner product of AFS and AFS
is zero. Meanwhile, AFS is the annihilator of PMS, and PFES is
the annihilator of AMS.

The direction vectors of AMS and PMS and their annihilators
determine the transmission characteristics of motion and force
in a UCM. Table IV lists the direction vectors of AMS and PMS
of four UCMs in Fig. 3, besides the DM-CC in Fig. 3(f).

TABLE III
FOUR CHARACTERISTIC DIRECTIONS AND JOINT STIFFNESS MATRIX
Direction vector Direction vector
of AMS [11] of PMS 23]
Direction vector Direction vector
of AFS [32] of PFS [1-1]
1.89 1.11
Kq x10°N -mm / rad
1.11 0.89
TABLE IV

DIRECTION VECTORS AND MATRIX K OF FOUR UCMSs IN Fig. 3

Direction vector of PMS
non
ky kg

SCM-FJ k, | no ]
Fig.30) |t +hm (o + ko, ko k

Direction vector of AMS

SCM [ 11 T
(Fig. 3(b)) Ty T

DM-FJ o 1o
(Fig. 3(e)) Ky Ky T
DM-CC 1o 1o
(Fig. 3()) o r T

V. TRANSMISSION PRINCIPLE OF UCMS

In this section, we establish a relationship between mechan-
ical structure and function based on the classification and the
transmission properties of UCMs. It will be used to guide the
design in the following section.

A. Transmission Principle in UCMs

According to the previous analysis of force and motion in
UCMs, two classes of relationships can be summarized as
follows.

1) Annihilator Relation: According to Property 2, AFS is the
annihilator of PMS. It means that if any one of them is known,
the other is known. AFS and PMS both are characterized by the
matrix K. Likewise, AMS is the annihilator of PFS, and both
are characterized by the matrix K 'Kg,.

2) Dual Relation: AFS is a dual space of AMS. The active
force is related to the active motion through the stiffness matrix
K, as follows:

(57‘,4 = —Kq(qu.

It means that the relative direction of active motion and active
force is closely related to the stiffness matrix. Similarly

(5TP = 7Kq(5qP.

The dual relation is characterized by the stiffness matrix K.
According to (35), PMS is orthogonal to AMS under the metric
K. Meanwhile, the positive definiteness of K, is the basis for
judging the stability of UCMs.

To sum up, we can conclude three characteristics of compliant
underactuated transmission as follows:

1) the stability: characterized by the joint stiffness matrix K;

2) the transmission of active motion and passive force: char-

acterized by the column vectors of K ;
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3) the transmission of active force and passive motion: char-
acterized by the column vectors of K 'K,.

The three characteristics are determined by the mechanical
structure and its geometric and elastic parameters. We are par-
ticularly concerned with characteristics determined completely
by geometric parameters. It is because the geometric parameters
are only affected by the position deviation, more reliable than
the elastic parameters that are affected by the deviations of both
position and force. The characteristic only determined by the
geometric parameters is called GP-based characteristics.

In addition to these three characteristics, there is another
characteristic that is

4) the redundancy of the transmission. It is characterized

by the actuation force during free motion, and determined
by the number of independent transmissions.

A mechanism with minimum number of transmissions for sta-
bilization means that the actuators do not counteract the elastic
force in free motion. Note that this mechanism has to use bidirec-
tional transmissions for reciprocating motion. Compared with
bidirectional transmissions, unidirectional transmission usually
has lower cost of building and needs redundant transmissions to
provide restoring forces.

The four characteristics correlate the mechanical structure to
the function of motion and force in UCMs. The relationship
between mechanical structure and function of different cases is
shown in the following section.

B. Structure and Function in Different Cases

This section investigates different cases of UCMs with the
previous four transmission characteristics to establish the re-
lationship of structure and function. We are focused on the
four cases of UCMs introduced in Section III. Each case of the
underactuated mechanisms can be implemented with different
transmission styles such as linkage, gears, and tendon pulley.
Here, we use pulley-tendon one-actuator three-jointed mecha-
nisms as examples to illustrate the four cases.

As the four transmission characteristics for each example,
the joint stiffness matrix, the actuation force for free motion,
the directions of active motion and active torque are derived
according to (10), (28), (30), and (17), and given in Table V.
Because both the number and the layout of transmissions are
different during the four cases, the characteristic parameters also
are significantly different, as shown in Table V. The particularity
of the four cases is induced as follows.

1) Soft Coupling Mechanism: This mechanism has mini-
mum number of transmissions for stabilization, so that the
actuator does not counteract the elastic force in free motion.
However, this mechanism has to use bidirectional transmissions
for reciprocating motion.

The direction of active motion, [1/7¢1 1/7s2 1/rs3]7,is only
determined by the geometric parameters. This property let the
SCM apply in the occasion needing reliable active motion, such
as flapping-wing flighting [7] and humanlike natural motion for
rehabilitation [49].

The direction of active force, [ks1/7s1 ks2/Ts2 ks3/Ts3]7,
is related with both the radii of pulleys and the stiffness of

springs. It means that the load capacity depends heavily on
spring stiffness. However, the spring stiffness is related with
the system compliance. Hence, the selection of spring stiffness
should tradeoff the system compliance and active force ability.

Note that the pulley parameter 75; € $ contains information
about the routing direction of rope and the radius of pulley
according to Example 1. Since the stiffness values of the springs
are positive, the active force has the same sign as the active
motion on each joint. Hence, in this mechanism, active motion
and active force could not be regulated independently.

2) Soft Coupling Mechanism With Flexible Joints: The di-
rection of active force

T
ksl k52 ksS
(ks1i+kp1)rs1 (ksotkp2)rs2 (kss+kp3)rss

and the direction of active motion [kg1 /751 ksa/Ts2 ks3/7s3]T
both are related with the radii of pulleys and the stiffness of
springs, and consistent on the corresponding joint. Meanwhile,
the active force has the same sign as the active motion on each
joint. The SCM-FJ has the same characteristics as fluidic actu-
ated soft robots such as pneu-net design [50] and fiber-reinforced
soft actuators [51].

The redundant layout of the transmissions lets this mecha-
nism appropriate for unidirectional transmissions, but leads to
actuation force that counteracts the elastic force in free motion.
Usually, the cost of building such underactuated robots is signif-
icantly low [16]. However, it is a problem to be overcome that
is to reduce the energy consumption in the self-bending process
of the mechanism [51].

3) Differential Mechanism With Flexible Joints: The direc-
tion of active force, [7s1 752 7s3]7, is determined only by the
geometric parameters so that the DM apply in the occasion
where specific joint torque distribution is maintained, such as
adaptively holding on objects of different shape [23].

The direction of active motion, [rs1/kp1 Ts2/kp2 7s3/kp3 |7,
related with both the radii of pulleys and the spring stiffness, is
the same sign as the active force on each joint.

This mechanism with redundant layout of transmissions ap-
propriates for unidirectional transmissions and has significantly
low cost of building. Hence, the DM-FJ was used in robot and
prosthetic hands [14], [15]. Meanwhile, the selection of spring
stiffness must take the energy consumption and active motion
trajectory into account.

4) Differential Mechanism With Compliant Couple: The di-
rection of active motion, [1/r,1 1/rp2 1/rp3]T, and the di-
rection of active force, [rs1 rs2 rs3]7, are regulated by two
separate groups of geometric parameters, respectively. Hence,
the directions of active motion and active force can be regulated
completely independently.

In the DM-CC, the active force is exerted by the serial
transmission, and the passive force is provided by the parallel
transmissions. The directions of active motion and active force
are unaffected by stiffness. Thus, the regulation of stiffness is
nothing to do with the directions of motion and force.

The minimal number of transmissions induces that this mech-
anism has to use bidirectional transmissions for reciprocating
motion. However, it does not need to counteract the elastic force
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F
r N33 Parallel
Grasping

a

(d)
=P Contacting =  Holding

Free motion

Fig. 5. Functional requirement of parallel grasp and enveloping grasp.

in free motion. Hence, the DM-CC has low energy consumption
and good energy efficiency.

VI. FUNCTIONAL ORIENTED DESIGN AND IMPLEMENTATION
OF A TWO-FINGERED GRIPPER

This section uses the previous theory to design a simple and
practical single-actuator hand to achieve envelope and precision
grasps. Underactuated hands are adept at adaptively grasping
objects of different shape and size [23], whereas its precision
grasping ability is limited [17] because of the existence of
uncontrollable contact forces and movements. Usually, it is very
hard to design a versatile single-actuator robot hand [52].

Consider a one-actuator two-fingered gripper, where each
finger has two joints. An effective way to achieve envelope
and precision grasps with underactuated hands is: 1) to use the
passive adaptiveness to achieve envelope grasp, and 2) to use
fingertip parallel motion to achieve precision grasp. The core
problem is to ensure the active parallel movement of the two
distal phalanges while the active force of the gripper applied
onto the grasped object. During precision grasping, to ensure
that the two fingers are always parallel during the movement
from open to closed, the active movement signs of the proximal
and distal joints must be opposite, as shown in Fig. 5(a) and (b).
The distal phalanx should actively apply force onto the object
after it is in contact with the object. Hence, the active force has
the same signs in the proximal and distal joints, as shown in
Fig. 5(c). In enveloping grasping, after the proximal phalanx is
in contact with the object, the distal joint change the movement
direction to adapt to the object, as shown in Fig. 5(d) and (e).

According to the above analysis of functional requirement,
two transmission characteristics are summarized as follows.

1) In order to keep the two distal phalanges parallel during
free motion, the two joints of each finger move in opposite
directions.

2) Ineach finger, the active forces of the two joints are in the
same direction to squeeze the grasped object.

To sum up, in each finger, the active motion and the active

force have the same sign on proximal joint but different sign on
distal joint.

Fig.6. DM-CC is constituted by (a) three groups of parallel transmissions and
(b) a group of serial transmission.

To design a transmission mechanism meeting the above re-
quirements, the six underactuated mechanisms in Fig. 3 are
alternatives. The DM in Fig. 3(d) cannot meet the requirement
of the stable movement before contacting to the grasped objects.
The CM in Fig. 3(a) cannot meet the requirement of the adaptive
enveloping after the proximal phalanx contacts to the objects.
The other four underactuated mechanisms in Fig. 3, namely the
four cases of UCMs, all have the ability to move stably and to
grasp adaptively.

According to the relationship between the mechanical struc-
ture and transmission function of the UCMSs in Section V-B, the
active motion and the active force have the same sign on each
joint of the SCM, SCM-FJ, and DM-FJ. Thus, the three cases
of UCMs cannot meet the functional requirement as shown in
Fig. 5, where the active motion and active force have the same
sign on proximal joint but different signs on distal joint. In the
last case of UCMs, namely DM-CC, the active motion and active
force are regulated by two separate groups of geometric param-
eters, respectively. Thus, the DM-CC can meet the requirements
in Fig. 5.

A one-actuator four-jointed gripper is designed with a DM-
CC and implemented with tendon-pulley mechanisms. Its trans-
missions are arranged as follows.

1) In order to satisfy the reverse movement of the proximal
and distal joints in each finger, the two joints of a finger are
coupled by a pair of transmission in the same direction, as
green lines in Fig. 6(a).

2) In order to move the two fingers toward each other in
opposite directions, the two proximal joints are coupled
by a parallel transmission, as red lines in Fig. 6(a).
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Fig. 9. Experimental setup. (a) Enveloping grasp. (b) Parallel grasp.

Fig.7. Schematic diagram of two-fingered gripper driven by a single actuator.
transmission and three parallel transmissions, expressed as

Ts = a— (re1qr + rs2q2 + 75343 + 754q4) /2

Tpl = Tp1q1 + T'p242

Tho = Tp1q1 — Tp3q3
Tp3 = 7”p3Q3+7”p4(I4
The transmission Jacobian matrices are
1
Jsl = _5 [Tsl Ts2 Ts3 Ts4]
JsQ =1
Tp1 Tp2 0 0
Jp = | Tp1 0 —Tp3 0

0 0 Tp3 T'pa

The stiffnesses of serial and parallel springs are
. . 1 I ‘3. ki Ks = ka
0 e R R T S K, = diag(ky1, kp2, kps)-

1

| P 5

!

o]
() Time
>

o)

According to (28), the direction of the active motion is

Fig. 8. Close sequences of a one-actuator two-fingered prototype gripper. T
(a) Free moving. (b) Envelope grasping. (c) Parallel grasping. [ 1/ T'p1 _1/ T'p2 1/ T'p3 _1/ TP4}
When
TABLE VI
PARAMETER VALUES OF THE PROTOTYPE GRASPER Tpl = Tp2 = Tp3 = Tp4
the direction of the active motion is
Parameters o Ay A Tas o Tog Ti234 k, kp],2,3 T
[1 -1 1 —1]
Values 40 60 40 7 4 6 40 2.5

then the two joints of each finger rotate reversely at the same
speed, and the two fingers move symmetrically. Thus, the two
distal phalanges of the gripper can keep parallel during the free

Unit of measurement: mm, N/mm.

3) In order to ensure that fingers actively exert force on the ~motion.
grasped object, we use a serial transmission to connect the According to (30), the direction of the active force is
four joints differentially as in Fig. 6(b).
According to the above design of transmissions, the schematic
diagram of the gripper can be given in Fig. 7. Its structure and ~ which guarantee the active forces to squeeze the grasped object
parameters are labeled in Figs. 6 and 7. The gripper has a serial  in either enveloping grasp or precision grasp.

[’rsl Ts2 Ts3 Ts4]T
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Fig. 10.

Consider the convergence of adaptive grasping [2], a group
of feasible parameter values is given as

7’51/7132 = T33/7’s4 =2
then the direction of the active force is
212 1]"

Based on the analysis results, a prototype gripper shown in
Fig. 8 was built with the same kinematics as the transmission
mechanism shown as Fig. 7. According to the above analysis,
the mechanism parameter values of the prototype gripper are
chosen in Table VI. Note that kg is the stiffness of the driven
tendon (Cable 2019-SN, Carl Stahl Sava Industries, Inc., namely
Bowden cable, 0.6-mm nylon-coated steel cable). This gripper
is driven by a dc motor via the tendon.

Fig. 8 shows the closing sequence of the prototype gripper
driven by the motor. During free moving, constrained by the
three parallel transmissions in Fig. 6(a), the proximal links bend
and distal links stretch so that the two distal links keep parallel
from open to close as in Fig. 8(a). During enveloping grasping

I (A)

a(mm)

785

! Contacting

: Loosening
'"Holding i
J R

! Separating

i
|
i
i

0.15

1(A)

]

q(rad)

Fc(N)

Measured experimental results. (a) Enveloping grasping a cylinder of » = 45 mm. (b) Parallel grasping a brick with a thickness of 20 mm.

a cylinder, when the proximal links contact with the cylinder,
the motion of proximal joints is restricted, whereas the distal
joints are bending, as shown in Fig. 8(b). After the distal joints
contact with it, the cylinder is squeezed by all the four links under
the active transmission. Thus, the cylinder is enveloped firmly.
During parallel grasping a card, the distal links clamp parallelly
and squeeze the card after contacting, as shown in Fig. 8(c).
Note that the two distal links are not completely parallel before
grasping, as shown in the middle status of the parallel grasping
in Fig. 8(c). This deviation between practice and theory is due
to friction and gravity. It does not have a significant impact on
grasping effect. The grasping processes shown in Fig. § exhibit
the aforementioned desired characteristics to achieve enveloping
grasp and precision grasp.

The grasping scenario in Fig. 5 is replicated in experiments
to measure the grasping trajectories and the contact forces, as
shown in Fig. 9. The gripper is fixed on a table and the grasped
objects are free within the grasping scope so that the objects
can freely move on the table as the gripper grasps. The gripper
is driven with a constant speed of v = 0.25 mm-s~! by the
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Cube

Oval Cuboid

Irregular polygon

Power grasping

Precision grasping

Fig. 11.  Examples of grasping executed with the prototype gripper. The shape
of the grasped object in each row is different, which is a cube, a cuboid, an oval,
and an irregular polygon.

dc motor (Maxon DCX16S, gear GPX16 44:1, and encoder
ENX16) and a guide bar. The maximum current of the motor
is set to 0.9 A. Optical encoders with 1024 counts/revolution
are used to measure the joint angles. Four pressure sensors
with 1/20 N resolution are mounted on the grasped objects to
record the contact forces on the contact with phalanges. The
force and position are measured at a sample frequency of 20 Hz.
All experiments were repeated three times, and the force and
position were averaged over the three trials.

Fig. 10 shows the experiment results of the actuator current /,,
actuator coordinate, joint trajectories, and contact forces during
the grasping process in (a) enveloping grasping a cylinder of
= 45 mm and (b) parallel grasping a brick with a thickness of
20 mm. Both in the enveloping and parallel grasps, there are
obviously five stages, namely free motion, contacting, holding,
loosening, and separating. During the free motion, with the
increase of actuator displacement, the motor current always
fluctuates near a low value (/, = 0.08 A) and the joints are
basically moving at a constant speed. The nonlinear part of joint
motion is due in large part to the friction within the transmission
mechanism from the motor to the joints, which is verified by
the low current generated in working against resistance in the
transmission mechanism. After the fingers contact the grasped
object, with the increase the motor current, the actuator, and

IEEE TRANSACTIONS ON ROBOTICS, VOL. 36, NO. 3, JUNE 2020

joints decelerate and the contact forces increase from zero. After
the current reaches the threshold (I, = 0.9 A), the actuator
and joints are not moving anymore, but the current and contact
forces fluctuate slightly. It means that the objects have been
held firmly. The complete experimental process can be seen in
the supplementary material.

Fig. 11 exhibits the prototype gripper grasping objects of
different shapes using different grasping patterns. The exper-
imental results show that the robot gripper has good shape self-
adaptability and fingertip grasping ability for objects different
shapes. The complete grasping processes can be seen in the
supplementary material.

To our knowledge, there were two grippers that can realize
parallel grasping and enveloping grasping. One is a linkage two-
fingered gripper Robotiq 2F-85", and the other is a tendon-driven
two-fingered gripper Velo [52]. This Robotiq 2F-85 gripper is
carried out by a linkage mechanism so that the proximal phalanx
is very thick. Through experience design of mechanical structure
and optimization of parameters, the Velo gripper used compli-
cated routing of the active/passive tendons and the meticulous ar-
rangement of elastic elements. In our proposed gripper, through
the analysis and comparison of different transmission mech-
anisms, a simple and compact design scheme is proposed and
adopted. In the designed gripper, a tendon-driven DM-CC is first
used for parallel and enveloping grasps. The experimental results
show that the proposed gripper realizes the original design
target.

VII. CONCLUSION

To analyze and design the transmission structure of UCMs, in
this article we classified systematically the UCMs and revealed
the active and passive transmission properties of force and
motion in UCMs. Combining the transmission properties of mo-
tion and force, this new taxonomy can distinguish significantly
different cases of UCMs from both mechanical structure and
transmission function. Synthesizing the classification and the
transmission properties of UCMs, the congruent relationship
between mechanical structure and transmission function was es-
tablished from the four aspects, namely stability, redundancy of
transmission chains, transfer characteristics of active force and
active motion. Based on the relationship between structure and
functions in UCMs, a function-oriented design method was pro-
posed. We used the proposed method to design a single-actuator
two-fingered gripper achieving envelope and precision grasps.
The results showed that a versatile single-actuator gripper can
be implemented through a simple design of the transmission
structure.

We also analyzed and compared different cases of UCMs,
and demonstrated that the DM-CC has excellent transmission
characteristics, namely minimum number of transmissions, GP-
based transmissions of active motion and active force, indepen-
dent regulation of passive stiffness, active motion, and active
force. In a word, the DM-CC decouples the active and passive
transmissions of force and motion. We used the DM-CC in

![Online]. Available: http://www.robotiq.com
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the designed versatile single-actuator gripper and demonstrated
its adaptive enveloping and precision grasping function that is
difficult to achieve with other cases of UCMs.

In this article, we focused on the transmission structure of
UCMs. Different from the equilibrium force analysis [21], [43],
we proposed the analysis and design methodology of UCMs
based on the relationship between the mechanical structure
of serial and parallel compliance and the active and passive
transmission properties of force and motion. The proposed
methodology provided a new perspective to understand and
design UCMs through deconstructing the active and passive
transmissions of force and motion. Further research will expand
the methodology into the design of UCMs for specific applica-
tions such as dexterous grasping and manipulation. In contrast,
we do not treat some problems that were considered optimization
of the mechanism parameters for grasp qualities. It will further
improve the performance of UCMs.
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