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Modeling, Optimization, and Experimentation of the
ParaGripper for In-Hand Manipulation
Without Parasitic Rotation

Huan Liu

Abstract—Recently, underactuated robotic hands have been ex-
ploited for dexterous in-hand manipulation, after having been
proven efficient in performing versatile adaptive grasps. However,
the reported in-hand manipulation skills are usually associated
with parasitic motion, which may complicate control and appli-
cation of the hand. This paper presents the modeling, optimization
and experimentation of the ParaGripper, an underactuated gripper
capable of performing in-hand manipulation without parasitic
rotation. The underactuated finger uses two serially connected
parallelograms to ensure pure translation of the fingertips. If the
object remains stationary within the fingertips, the gripper can
translate the object without parasitic rotation. The kinematics and
kinetostatics of the hand—object system are derived and the manip-
ulation workspace is optimized. The ParaGripper is designed and
fabricated according to suitable optimal parameters. Experiments
show that the ParaGripper could perform non-parasitic in-hand
manipulation and versatile adaptive grasps.

Index Terms—Grippers and other end-effectors, dexterous
manipulation, mechanism design.

I. INTRODUCTION

HE in-hand manipulation capability of a human hand

brings better accuracy, efficiency and kinematic redun-
dancy to human hand-arm system and serves as a model for
ideal robotic manipulation systems. Since the foundations of
multi-finger robotic hands were laid in 1980s [1], [2], vari-
ous highly-articulated hands (e.g., the JPL hand [1], the DLR
hand [3], the DEXMART hand [4] and the commercial Shadow
Hand) have been designed using emerging technologies. How-
ever, in-hand manipulation of objects using such hands remains
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a true challenge. The control strategies are usually complex,
since about 20 finger joints need to be coordinated. The precise
modeling of the fingers and object are required for model-based
control [1], [5], while substantial training is necessary for a
machine leaning-based approach [6]-[8].

Underactuated robotic hands were usually designed to per-
form adaptive grasps. Recently, a framework for performing
in-hand manipulation by underactuated hands has been pro-
posed [9]. This is motivated by the fact that using fewer actuators
simplifies not only the design but also the control of a hand.
Several grippers with in-hand manipulation capability have been
designed, including the iHY hand [10], the GR2 gripper [11],
the grippers for caging manipulation [12] and a single-actuator
gripper [13] using the continuum differential mechanism [14].
As evidenced by the aforementioned examples, an underac-
tuated hand can also perform in-hand manipulation if wisely
designed.

The problem is that the performed in-hand manipulation is
usually associated with parasitic motion, which is coupled to the
independently-controlled motion(s). For example, in [9] when
the object was moved from the leftmost to the rightmost of its
manipulation workspace, the object was rotated approximately
by one radian. For the in-hand rolling manipulation presented
in [13], the object was translated simultaneously. Undesired
parasitic motion might need to be compensated using a robotic
arm [15]. Utilization of the in-hand manipulation skill of the
hand could thus become complicated.

This research attempts to design a robotic gripper that is capa-
ble of in-hand manipulation without parasitic rotation, while the
multi-grasp efficiency of the gripper is preserved by adopting
an underactuated finger design. Inspired by the low-mobility
parallel mechanisms (PMs) for pure translation [16]-[18], we
developed the ParaGripper, an underactuated gripper capable of
pure translational in-hand manipulation, as shown in Fig. 1. Each
finger of the gripper uses two serially connected parallelograms,
which prevail in PMs, to ensure pure translation of the fingertip.
If the fingertips are suitably designed so that the object remains
stationary within the fingertips, the object can be manipulated
without parasitic rotation.

The paper elaborates the schematic, modeling, optimization
and experimentation of the ParaGripper, and is organized as
follows. Section II describes the schematic and modeling of
the gripper while Section III presents the optimization of the
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Fig. 1. The developed ParaGripper manipulating a 25 mm cube. (a)~(e) show
five typical configurations.
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Fig. 2. Schematic of conventional underactuated finger design for in-hand
manipulation.

manipulation workspace. Experimental results are reported in
Section 1V, while the conclusions and future directions are
summarized in Section V.

II. SCHEMATIC AND MODELING OF THE GRIPPER

This section presents the schematic and modeling of the Para-
Gripper for 2-degree-of-freedom (DoF) translational in-hand
manipulation.

A. Schematic Design of the Gripper

Fig. 2 shows the schematic of a gripper with the widely-
adopted underactuated finger design as in [9], [19], [20]. Each
finger has two joints driven by one tendon. Each joint has an
elastic element (e.g., a torsional spring) to extend it.

By pulling the tendons, the hand can perform prehensile grasp
on an object using both the proximal and distal phalanges. The
gripper can also pinch an object by its fingertips, as shown
in Fig. 2(a), in which a cube is pinched. By continuing to
pull the tendon(s), the cube is suitably manipulated within the
fingertips. For example, by pulling the tendon of the left finger,
the object is pushed rightward as shown in Fig. 2(b). Due to
the compliance of the underactuated finger design, the right
fingertip is pushed rightward accordingly. As the fingertip rolls
on the object, the object is rotated with respect to the base. This
in-hand manipulation capability has been demonstrated by the
iHY hand [10].
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Fig. 3.  Schematic of the ParaGripper for non-parasitic in-hand manipulation.

If the translation of the object is considered as the desired
in-hand manipulation motion, this motion is always associated
with a coupled rotation, which is similar to the parasitic motion
of lower motility PMs [21]. This undesired parasitic motion
may complicate the control of a hand—arm system for desired
manipulation task. Compensation motion by a robot arm may
thus be needed [15] to cancel the parasitic motion.

Parasitic motion has been investigated in PM research, as it
is considered as a major drawback of lower mobility PMs. The
parallelogram is an elementary component for synthesis of PMs
for pure translation, as it keeps the coupler link remain parallel
to the base link [18]. Applications of a parallelogram for pure
translation can be found in the Delta robot and other pure 3 T
mechanisms (T denotes a translation DoF) [16]-[18].

Some robotic grippers, such as the RG2 Gripper (OnRobot
A/S, Denmark), use one parallelogram for each finger to en-
sure a parallel fingertip pinch grasp. Particularly, the SARAH
Hand [22] and the commercial Robotiq 3-Finger Gripper (Robo-
tiq Inc., Canada) use two serially connected parallelograms for
each finger. Thus the fingertips remain parallel to each other in
pinch grasps, which is the same as our design. However, it is not
reported whether these hands have been optimized and exploited
for in-hand manipulation.

Inspired by the similarity between in-hand manipulation and
PMs [23], we propose the schematic of the ParaGripper for
2-DoF pure translation, as shown in Fig. 3. The ParaGripper
has two fingers and each finger is composed of two serially con-
nected parallelograms. As with the adopted parallelograms, the
fingertips maintain their orientation during flexion/extension of
the fingers. If the object remains stationary within the fingertips,
i.e., the object is not rotated or slid by the fingertips, the gripper
and the pinched object form a stable closed-loop kinematic
chain. Thus, the orientation of the object will be maintained
during in-hand manipulation.

Fingertips should be designed according to objects to prevent
sliding and rotation during in-hand manipulation. For example,
parallel fingertips are adopted for the manipulation of a cube,
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as shown in Fig. 3. It is analyzed in Section III-A how the
sliding and rotation of the cube can be avoided. In Section IV-B,
prismatic fingertips are adopted to manipulate cylindrical ob-
jects. A universal fingertip design that adapts to various objects
is of our interest. Integration of a pin array [24] or a granular
structure [25] with variable stiffness, which conforms to differ-
ent objects at low stiffness and engages firm stationary contact
with the objects at high stiffness, could be a possible solution.

The underactuated finger design shown in Fig. 3 is modified
from typical tendon-driven fingers [19], [20], except that the
flexor and the extensor of each finger are arranged to the crankers
and rockers of the parallelograms separately. The extensors are
connected to tensional springs so that the fingers are extended.
Since the radii of the pulley are designed as r4 > rgandry > ro,
the middle joints has higher stiffness than the proximal joints.
Therefore, pulling the flexors will close the proximal joints
first. By this design, the gripper can perform power grasp using
multiple phalanges and pinch grasp using only the fingertips.

When an object is pinched by the fingertips, continuing to pull
the flexors will open the proximal joints and close the middle
joints, due to the designed combination of joint stiffness. If
the object remains stationary within the fingertips, it will be
translated in the plane without parasitic rotation.

B. Modeling of the Hand—Object System

This subsection presents the kinematic and kinetostatic mod-
eling of the closed-loop chain formed by the ParaGripper and
an object.

1) Kinematics: The schematic of the gripper is shown in
Fig. 3. The position of the object, the joint angles and the tendon
actuation lengths are indicated by x, 8 and q, respectively.
Subscript R and L denote the right and left finger, respectively.

x=[z y]" )
0=1[6.10r]" = [61 62]65 6.]" @)
q= [QL|QR]T: (1 q2|gs Q4]T (3)

The tendon actuation q is related to the joint angles 6 by:
RO =q 4)

where R is the transmission matrix composed by the radii of
pulleys (r; ~ ry4) in the following form:

1 T2

R — {RL| 0 5)

_ | =3 —Ty
0 |RR 0 T T2

—Tr3 —T4

The geometry of the hand—object system is subject to

OA] + A1By + B1C; +C1D =x (6)

OAy+ AyBjy + ByCoy + CoD = x (7

For forward kinematics, as q is given, x and 6 can be solved
from Eqn. (4), (6) and (7). For inverse kinematics, once x is
given, 6 can be solved by Eqn. (6) and (7). Then q can be
calculated by Eqn. (4).
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2) Kinetostatics: Each finger is driven by only one tendon,
hence the contact force applied on an object cannot wholly be
controlled as for a fully-actuated finger. Therefore, it is necessary
to analyze the contact force to assure the hand—object system
maintains static equilibrium. To solve the contact force, we
assume that the object remains stationary within the fingertips
during manipulation. In this modeling we take the parallel
fingertip and the cube shown in Fig. 3 as an example to proceed
with the kinetostatic analysis.

For the left finger, the velocities of tendon actuation ¢y, are
related to the velocities of finger joints 0. by

R.O. = q; ®)

Therefore, the tensions of the tendons f;, and the joint torques
T, are related by

T = szL (9)

where f = [f1, f2]7. f1 and f> are the tensions on the flexor
and extensor, respectively. f is produced by the extension spring
and can be calculated by

f2 = k([?“:;, T‘d 0L + lp)

where £ is the stiffness and [, is the preload of the spring.
The Joint velocity 8, and the object velocity x are related by
the Jacobian matrix of the left finger as

x=J.0;

(10)

(11)
The Jacobian matrix can be written as:

{1 sin 9/1 + l9 sin 9’2 5 sin 9/2

Jo = 12)

—ly cos 0y — Iz cos by, —Is cos b}

where ) =7 —a—0;and 0, =7 — o — 01 — 0.
Therefore, the joint torque 7, is given by

T =JrF, (13)

where F', is the contact force applied on the left fingertip.

Combining Eqns. (9) and (13) gives the relationship between
the tendon actuation force f;, and the contact force F, of the
left finger as

JIF, = RTf, (14)
Similarly, for the right finger it is
JLFR = REfp (15)
where F;, = —Fp.

Given a kinematic configuration of the hand—object system,
the contact forces F' ;, and F g, the tendon actuation forces f;, and
fr can be solved using Eqns. (14)—(15). Once the contact forces
F1 and Fp are solved, it is possible to check whether sliding
or rotation is prohibited, considering the contact conditions
between the fingertip and the object (e.g., the contact points
and friction coefficient).

III. OPTIMIZATION AND DESIGN OF THE GRIPPER

This section presents the optimization of the ParaGripper
toward maximal in-hand manipulation workspace.
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Fig. 4. (a) Constraints on joints angles to avoid the collision of the links.
(b) Constraint on contact force direction to avoid rotation about point-M.

A. Formulation of the Optimization

The length of the first two phalanges (I; + I3) is set to 80 mm
and the fingertip length is 30 mm. Therefore, the total length
of the finger is close to a human middle finger. The pulley
radii ; and r4 are set to 7.5 mm, which is the largest radius
allowed by the mechanical design of the phalanges. To achieve
a maximal workspace for in-hand manipulation, the following
design variables of the gripper can be optimized:

® w,: Width of the palm, which is measured between the two

proximal finger joints

e [;: Length of the proximal phalanges; lo is then given by
80 — 1y
ro: Radius of the flexor pulleys at the middle joints
r3: Radius of the extensor pulleys at the proximal joints
k: Stiffness of the extension springs
a: Offset of the proximal phalanx, measured from the z-
axis

As the in-hand manipulation workspace is object-dependent,
in this research we optimize the workspace of manipulating the
25 mm wooden cube, as shown in Fig. 1 and 3. A position
of the cube can be considered inside the in-hand manipulation
workspace only if the hand—object system satisfies the following
two sets of criteria.

1) Kinematic Criteria: The position of the object should lead
to a feasible inverse kinematics solution. Additionally, every fin-
ger joint angle is between its joint limits and collisions between
the links are avoided.

® The object position should lead to a real solution to Eqns.

(6) and (7).
® In this study, the joint angles are between 0 and the joint
limits (set to 27/3):

0<6;<2r/3,i=1,234 (16)

e To avoid collision of the links of the proximal parallelo-
gram, as shown in Fig. 4(a), the angles should satisfy:

a+0; <Tr/8 17)
Similarly, for the distal parallelogram:
a+0,+ 0, <Tr/8 (18)

The limit 77/8 was decided according to the CAD model
of the finger. Similar constraints apply to the right finger,
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as 1 and 05 in the above two equations should be replaced
with 63 and 6,4, respectively.

2) Kinetostactic Criteria: The gripper and the cube should
maintain static equilibrium. Particularly, the sliding and rotation
of the cube should be prevented.

e Actuation tendon forces solved by Eqns. (14)—(15) should

be lower than 70 N, which is the maximal output of the
adopted low-cost servo.

£, <70,i=1or3 (19)

e To avoid the sliding between the fingertips and the cube,
the contact force should fall within the friction angle

Fry
FLI

where I, and F,,, are the normal and tangential compo-
nents of F 1, respectively. Silicone rubber will be adopted
at the fingertips to increase friction, and the friction coef-
ficient p is set to 0.5 according to [26].

® The rotation of the cube about its edges should be avoided.
For example, to avoid the rotation about Point-M the con-
tact force should fall within the angle ZMPN, as shown in
Fig. 4(b). This constraint can be written as:

Py
FLa:

® The contact force between the object and the fingertips
should be large enough to resist moderate disturbance. In
this optimization we set

FL122

<p (20)

<1

ey

(22)

The in-hand manipulation workspace can be numerically cal-
culated by the following steps. An area (—150 < 2 < 150,0 <
y < 150) is discretized by a suitable step size (e.g., 2 mm).
Each point in this area is set as a position of the object and
is plugged into Eqn. (6) and (7) to solve the joint angles of the
gripper. Then the contact force and the tendon actuation forces
are solved using Eqns. (14)—(15). The solution is then checked
by the kinematic and kinetostatic criteria presented above. Each
point that satisfies the criteria represents an area (e.g., 4 mm? for
the 2 mm discretization) of the in-hand manipulation workspace.
Then the total area of the workspace can be calculated by
counting all the qualified points.

B. Optimization Using Simulated Annealing

The simulated annealing algorithm [27], which mimics the
annealing of metals, was adopted to solve the optimization.

The flowchart of the algorithm is shown in Fig. 5. At the
beginning, an initial design was generated within the range of
the design variables listed in Table I. The workspace is calculated
using the method presented in Subsection III-A. The initial
design and the corresponding workspace are set as the best
design and the largest workspace, respectively. Considering the
computation speed, the step size of discretization for calculation
of workspace was set to 2 mm.

Mimicking the temperature decrease in annealing of metals,
the algorithm decreases the temperature 7" by [ at each iteration,
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Set annealing schedule

Randomly generate Best_Design
WS_Best = Worspace(Best_Design)

!

New Design = Neighbor(Best Design)
WS_New =Workspace(New_Design )

if WS_New
> WS_Best
True

BestDesign = NewDesign
WS Best=WS_ New

| False

True $

False

P="Probability(T,
WS_New, WS_Best)

True

Fig. 5. The flowchart of the SA algorithm.
TABLE I
RANGE OF DESIGN VARIABLES AND OPTIMIZATION RESULTS
Variables Range Ist trial ~ 2nd trial  3rd trial Unit
wp [20, 150] 42.34 42.34 42.74 mm
A [20, 60] 40.10 39.99 40.04 mm
&) [3,7.5] 7.21 5.99 6.72 mm
r3 [3,7.5] 3.98 6.47 494 mm
k [0.1, 2] 1.35 1.22 1.50 N/mm
o [7/8, m/2] 0.398 0.393 0.393 rad
Workspace (calculated 2672 2672 2672 mm?
by 2 mm discretization)
Workspace (re-calculated 2504 2545 2525 m?

by 1 mm discretization)

until the final temperature 7} is reached. At each temperature,
a new design is generated near the best design. The distance of
the new design from the best design is based on a probability
distribution with a scale proportional to the temperature. If
the new design gives larger workspace than the best design,
the new design will be unconditionally accepted as the best
design. If the new design gives smaller workspace, the design
will be accepted with a probability calculated based on the
temperature and the degradation of workspace. Generally, higher
temperature and less degradation of workspace gives higher
probability of acceptance. By accepting the designs diminishing
the workspace, the algorithm avoids being trapped in local
optima. Thus it is able to explore globally for more possible
solutions. As the temperature decreases, the algorithm reduces
the extent of its search of new designs to converge to a maximum.
Additionally, the probability of accepting a worse design is also
decreased.

The parameters of the algorithm were manually tuned using
a trial-and-error technique, until the algorithm gives a stable
result. As shown in Table I, the maximal workspace resulted
in 2672 mm? after three consecutive computations, suggesting
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that the algorithm gives a stable solution. Although the areas
of workspace given by three computations are the same, the
three designs are slightly different from each other, suggesting
that the 2 mm step size was not fine enough to differentiate
the workspaces given by the three different designs. Thus, we
re-calculated the workspaces of the three designs with a I mm
discretization. The design given by the second trial is chosen as
the best design, since the workspace is 2586 mm?2 which is the
highest among them.

Using the optimal parameters, the manipulation workspace
and actuation space of the ParaGripper manipulating the 25 mm
cube is visualized in Figs. 6(a) and (b), respectively. The ma-
nipulation workspace spans 134 mm and 40 mm on z— and
y—direction, respectively. Five points are indicated on both the
workspace and the actuation space, to show the correspondence
between the two spaces. The contact force is also simulated and
visualized in Fig. 6(a). The magnitude of contact force is indi-
cated by the color bar while the direction of force is represented
by the short red lines. As shown in Fig. 6(a), the contact force
is position-dependent. The force is more normal near the center
line (z = 0) of the workspace and the magnitude is larger at the
central-bottom area of the workspace. Additionally, according
to the simulation, the maximal angle of the contact force is
26.1° (measured from the x—axis), which is slightly smaller
than the friction angle (26.6° by u = 0.5).

C. Design of the Gripper

The ParaGripper was designed as shown in Fig. 7, using the
optimal parameters listed in Table I. The design is self-contained
and lightweight (337 g), to facilitate further integration to
a hand-arm manipulation system. The gripper is composed
by off-the-shelf components and 3D-printed parts. The white
parts (e.g., the phalanges, the fingertips and the pulleys) are
printed with Somos GP plus resin, while the black (the palm)
is FS3300PA Nylon. In addition, the contact surfaces of the
fingertips are covered with silicone rubber sheet to increase
friction. Two servo motors (FS5323 M by FEETECH RC Model
Co. Ltd., China) are adopted. The flexor tendons are anchored
to the capstans that are mounted on the servos. Two extension
springs are connected to the extensors to open the finger joints.
An Arduino Nano is adopted to receive commands from a PC
and control the servos accordingly.

IV. EXPERIMENTAL CHARACTERIZATIONS

To evaluate the effectiveness of the proposed design, grasp
and in-hand manipulation experiments have been conducted.

A. Grasp Experiments

The grasp capability of the gripper has been evaluated using
the YCB object set [28]. Following the Gripper Assessment
Protocol [28], we adopted the following objects:

e Spherical objects: Soccer ball, softball, tennis ball, racquet-

ball, golf ball and marbles, with the diameter varying from
@125 mm to ¢18 mm
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(a) The simulated workspace of the gripper manipulating the 25 mm cube. The contact force magnitude is indicated by the colorbar, while the red lines

represent the directions of the contact force. The Point 1~5 indicate five representative positions within the workspace. (b) The actuation space of the gripper

manipulating the 25 mm cube, with Point 1~5 indicated.

Silicone rubber

Proximal phalanx

/

Arduino Nano

Fig. 7. Design of the ParaGripper.

e Flat objects: Washers (the thickness ranges from 1.4 mm
to 3.8 mm while the diameter is between @10 mm and
¢60 mm) and credit card

e Tools: Pen, scissors, screwdriver, driller, hammer and four
different sizes of clamps

e Articulated objects: Plastic chain and rope

The gripper could successfully pick up and hold every object
from a desk, as some of the grasps are shown in Fig. 8(a)—(h).
For big objects, the gripper could perform power grasps, which
involves multiple phalanges, as shown in Fig. 7 and Fig. 8(a) and
(e). For small objects, the gripper could perform pinch grasps
using only the fingertips, as shown in Fig. 8(b), (c), (d), (f), (g)
and (h).

The grasping force was measured by the experimental setups
shown in Fig. 8(i) and (j). Following the setups in [10], [29], a
commercial force sensor (ATI Nano 17 F/T) was installed inside
a ¢65 mm split cylinder and a 30 mm split cube for the force
measurement of power grasp and pinch grasp, respectively. The
measured power grasp force is 28.4 N, while the pinch grasp
force is 12.1 N. Notably, the gripper can lift 2 kg water using
both power grasp and pinch grasp, as shown in Fig. 8(k) and (1)
respectively, suggesting that the gripper can be used for general
pick-and-place tasks.

Fig. 8. The ParaGripper grasping different objects: (a) ¢ 125 soccer ball,
(b) ¢16 mm marble ball, (¢) 20 mm washer, (d) credit card, (e) driller,
(f) hammer, (g) clamp, (h) plastic chain, (i) 65 mm split cylinder and (j) 30 mm
split cube with force sensor inside, (k) 2 kg water bottle by power grasp and (1)
pinch grasp.

B. In-Hand Manipulation Experiments

The hand was first commanded to perform in-hand manipu-
lation of four different objects, including the 25 mm cube, the
40 mm cube, the $25 mm cylinder and the 40 mm cylinder
shown in Fig. 9(a).

The gripper could successfully manipulate the 25 mm cube to
the five points indicated in Fig. 6. Fig. 1(a)—(e) shows the cube
at Point 1~5, respectively. There is no slipping or rotation of the
cube observed during the manipulation. The width and height
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Fig. 9. In-hand manipulation experiments: (a) The objects: a 25 mm cube, a
40 mm cube, a ¢25 mm cylinder and a $40 mm cylinder. (b) Fingertips with
prismatic jaw. (c) Manipulation of the 40 mm cube with parallel fingertips.
(d) Manipulation of the ¢$25 mm and (e) the 45 mm cylinder with the prismatic
fingertips. (f) Manipulation of the ¢25 mm cylinder with the parallel fingertips.
(g) Manipulation of an equilateral triangle and (h) an isosceles triangle with
45° vertex angle using the parallel fingertips.

TABLE II
THE WIDTH AND HEIGHT OF IN-HAND MANIPULATION WORKSPACE

Object Width Height
25 mm cube 141 mm  41.3 mm
40 mm cube 91 mm 38.7 mm
¢25 mm cylinder 89 mm  39.6 mm
¢40 mm cylinder 137 mm  39.6 mm

of the manipulation workspace, measured from the snapshots,
is 141 and 41.3 mm respectively. The measured result is slight
larger than the simulation result shown in 6, possibly due to the
manufacturing error of the components.

Snapshot sequences of the manipulation of the 40 mm cube,
the 40 mm cylinder and the ¢ 25 mm cylinder are shown in
Fig. 9(c), (d) and (e), respectively. With different objects, the
manipulation workspace changes. The widths and heights of the
workspaces are listed in Table II . To manipulate the cylinders,
the parallel fingertips were replaced by the fingertips with pris-
matic jaws, as shown in Fig. 9(b). Since there are no tendons
connected to the fingertips, it is easy to change the fingertips.
Similarly to previous manipulation experiments, the objects was
manipulated to the edge of the manipulation workspace. During
the manipulation, the prismatic jaws stably hold the cylinders,
although the shape of the jaws was not numerically optimized.
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Fig. 10.  In-hand manipulation experiments: (a) The 25 mm wood cube and

the ¢ 40 mm cylinder with a marker attached, (b) experimental setup of the
measurements, (c) trajectory of manipulating the 25 mm cube and (d) trajectory
of manipulating the $40 mm cylinder.

As emphasized in Section II, the non-parasitic in-hand
manipulation relies on the assumption that the object remains
stationary within the fingertips. The fingertips should be
designed according to the object to prevent sliding and rotation
between the object and the fingertips. For example, a cylindrical
object can be manipulated by a prismatic fingertip as shown in
Fig. 9(d) and (e), as each fingertip provides two contact points.
However, if the parallel fingertip is adopted for manipulation
of the cylinder, parasitic rotation occurs as shown in Fig. 9(f).

In addition, we tested the in-hand manipulation of an equi-
lateral and an isosceles triangular with 45° vertex angle. Both
triangles have an aptitude of 25 mm, thus the contact force is the
same as the 25 mm cube, as simulated in Fig. 6. According to
the simulation, the maximal angle of the contact force is 26.1°.
The gripper could manipulate the equilateral triangle without
parasitic rotation, because the contact force falls within the
60° angle (26.1° < 30°), as shown in Fig. 9(g). Oppositely, for
the isosceles triangle, as the contact force no longer falls within
the 45° vertex angle (26.1° > 22.5°), the triangle was rotated,
as shown in Fig. 9(h).

To quantify the manipulation accuracy, the gripper was com-
manded to follow a 45 mm by 20 mm rectangular trajectory
when manipulating the 25 mm cube and the ¢40 mm cylin-
der shown in Fig. 10(a). The experimental setup is shown in
Fig. 10(b). Two markers were attached to the palm and the object.
An optical tracker (MicronTracker SX60, Claron Technology
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Inc.) was used to measure the positions and orientations of the
markers. The measurement of the manipulation of each object
were repeated for three times.

The recorded trajectories are plotted in Fig. 10(b) and (c)
for the cube and the cylinder, respectively, accompanied by
the reference trajectories. The change of orientation during the
manipulation is less than 1.44° and 1.65° for the cube and
the cylinder, respectively. The rotation may be derived from
the structure elasticity of the phalanges. The silicon pad on the
fingertips could be another source of the rotation. The maximal
position error is 2.17 mm for manipulation of the cube and
3.16 mm for the cylinder.

V. CONCLUSIONS AND FUTURE WORK

To eliminate the parasitic rotation of in-hand manipulation
performed by underactuated robotic hands, this paper proposes
the ParaGripper. The gripper has two underactuated fingers and
each finger is composed of two serially connected parallelo-
grams. By adopting the parallelograms and a suitable fingertip
design, the orientation of the objects can be maintained during
in-hand manipulation. The experiments demonstrated that with
suitable fingertips the ParaGripper could in-hand manipulate
different objects without parasitic rotation, while the capability
of performing adaptive grasps was maintained. In view of the
proven functionality, the ParaGripper is expected to be a solution
for versatile manipulation tasks.

The presented non-parasitic in-hand manipulation relies on
the assumption that the object remains stationary within the fin-
gertips. The fingertips should be designed accordingly to prevent
sliding and rotation of the object. A universal fingertip design
accommodating different objects is an interesting direction for
further investigation. In the future, the gripper will be integrated
with a manipulator to form a complete hand—arm manipulation
system, which is expected to offer better manipulation dexterity,
as compared to conventional systems with parallel jaw grippers.
The kinematics and path planning problems of the hand—arm
system will also be studied.
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