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Abstract

A novel couple-constrained parallel wrist with three measuring force flexible fingers is designed for grabbing heavy
objects and measuring grabbed forces. Its prototype is developed, its dynamics model is established, and its grabbing
forces are measured. First, using the extended formulas of the skew-symmetric matrix, the kinematic formulas are
derived for solving the Jacobian/Hessian matrices and the general velocity/acceleration of the moving links in the
couple-constrained parallel wrist. Second, a dynamics model is established for solving the dynamic actuation forces,
the couple-constrained forces, and the torque in the couple-constrained parallel wrist. Third, the theoretical solutions
of the kinematics/dynamics of the couple-constrained parallel wrist are verified using a simulation mechanism.
Finally, the grabbing forces of the three flexible fingers are measured and analyzed.

Nomenclature

R P revolute, prismatic joints

UsS universal, spherical joints

DOF degree of freedom

m,, B moving platform and base of parallel wrist
o, O original points of m,, B

{m} coordinate system o-xyz of m, at o,

{B} coordinate system O-XYZ of B at O,

s(¢) skew-symmetric matrix of vector ¢

{i;} coordinate system attached on the jth finger
W, y; tip point, input velocity of the jth finger
V. output velocity of the jth finger at w; in {B}
J. Jacobian matrix of the jth finger

YR; rotational matrix from {#;} to {B}

Vo general input velocity of parallel wrist

A, general input acceleration of parallel wrist
V. general input velocity of parallel wrist, finger
A, input acceleration of parallel wrist, finger
|7 general input velocity of fingers

J.H Jacobian, Hessian matrix of parallel wrist
g moving link in r,(g=p, ¢, i=0, 1, 2, 3)
W;, &; angular velocity acceleration of r;
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Voir Ayi translational velocity acceleration of g; in r;
Vi, Ay general (velocity, acceleration) of g; in r;
Jogi translational Jacobian matrices of g; in r;
Jogi rotational Jacobian matrices of g; in r;

H,, translational Hessian matrices of g; in r;
H,, rotational Hessian matrices of g; in r;

Joi, Hy, general Jacobian, Hessian matrix of g; in r;

1. Introduction

It has been an interesting and challenging issue in the robot industry to design and develop various
industrial grippers and the finger mechanisms [1-4] to grab heavy objects and to measure grabbing
forces. Comparing with the serial mechanism, a parallel mechanism has several advantages, such as
the high rigidity, short kinematic chain, high kinematic precision, and large capability of load bearing
[5, 6]. Therefore, parallel mechanisms have been applied in the parallel machine tools, worktables, and
parallel legs [7, 8], and some three degrees of freedom (DOF) parallel mechanisms are synthesized [5, 6,
9]. Currently, some significant advances have been made in sophisticated biomimetic robotics systems
using parallel mechanisms and several dexterous multifingers [3, 4, 10]. In this aspect, Spencer et al.
presented the design and experimental results for a 16-finger highly underactuated microspine gripper for
application in the deep ocean [11]. Jin et al. designed a dexterous hand based on several parallel finger
structures [12]. Fang et al. synthesized some parallel dexterous hands with a parallel finger structure
based on Lie group [13]. He et al. designed a finger mechanism with a redundant serial-parallel hybrid
topology [14]. Zheng et al. proposed a 12-section cable-driven hyper redundant manipulator with a
puller follower controller [15]. Li et al. developed a two-finger dexterous bionic hand with six DOFs [16].
Isaksson et al. designed a 5-DOF redundant platform in order to transform the redundant platform motion
into the motion of a grasper [17]. Geng et al. presented a 3-DOF parallel micro-gripper and analyzed
its kinematics [18]. However, the existing grippers formed by cable-driven redundant manipulator may
have a less capability for grabbing the heavy object since a cable-driven finger has a lower load bearing
capability.

The gripper formed by the links, gears, and cams may have both quite complex structure and large
volume. In other hand, some existing 3-DOF parallel mechanisms may include some structure decou-
pling constraints which are sensitive to the manufacturing errors, so that their kinematic precision may
be decreased and their manufacturing becomes difficult [19]. The workspace of some existing 3-DOF
parallel mechanisms may be small, so that the dexterity of the gripper formed by them is reduced. Hence,
it has been a significant issue to develop a gripper using a 3-DOF parallel mechanism which is not sen-
sitive to the manufacturing errors and has a high rigidity and a large workspace in order to grab heavy
objects in large workspace and to measure grabbing force.

The main motivation of this paper is to develop a novel couple-constrained parallel wrist with three
measuring force flexible fingers in order to increase the rigidity, the kinematic precision, and the capa-
bility of grabbing heavy object, and to measure grabbing load and to reduce impact grabbing force when
the finger contacts with an object. The developed couple-constrained parallel wrist with three measuring
force flexible fingers has the following merits:

1. Its parallel wrist contains a planar couple-constrained actuation mechanism P, and a SP (spher-
ical joint-prismatic joint) center passive constrained limb r,. Its kinematic precision and rigidity
are increased by P, and r,. Using r, the structure coupling constraints of the parallel wrist can
be transformed into the structure decoupling constraints which are not sensitive to the manufac-
turing errors [7]. Thus, both the kinematic precision and the rigidity of the parallel wrist can be
increased. In addition, the manufacturing of the parallel wrist becomes easy.
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2. The number of the links in the parallel wrist is reduced, and both the capability of load-bearing
and the workspace are increased by P, since each of revolute joints in P, has larger capability of
load-bearing and larger rotational angle than that of spherical or universal joint.

3. Itcan be used to grab heavy objects with various shapes. The contacting force between a fingertip
and the grabbed object can be solved by measuring the force of the finger sensor.

4. A large grabbed impact can be reduced greatly by a pre-pressured spring installed in each finger.

However, the kinematics/dynamics models of the developed couple-constrained parallel wrist with three
flexible finger have not been established; the grabbed forces have not been measured and the grabbing
performances have not been discovered and analyzed yet. For this reason, the kinematics/dynamics and
grabbing capability of the developed couple-constrained parallel wrist with three flexible finger are
studied in this paper. Several contributions are conducted as follows:

1. Develop a novel prototype of a couple-constrained parallel wrist with three flexible fingers.

2. Derive Jacobian and Hessian matrices of the moving links such as the moving platform, the
piston rods, the cylinder rods in four different limbs, and the connection rod in parallel wrist.
Establish the kinematics models for solving the general velocity and acceleration of the moving
links in order to establish dynamics model.

3. Establish a dynamics model for solving the dynamic actuation forces, the dynamic constrained
forces and torque of the developed gripper. Verify the theoretical solutions by its simulation
mechanism. Construct a workspace of the couple-constrained parallel wrist with three flexible
fingers.

2. Kinematics of couple-constrained parallel wrist with three measuring force flexible finger
2.1 Structure performance analysis of prototype

A prototype of the couple-constrained parallel wrist with three measuring force flexible finger is
developed in Yanshan University, see Fig. 1.

The kinematics model of the couple-constrained parallel wrist with the coordinate system and the
couple-constrained forces is shown in Fig. 2. Let (S, P, P, R, U) denote (the spherical, actuation pris-
matic, prismatic, revolute, and universal) joint. The couple-constrained parallel wrist includes a moving
platform m,,, a fixed base B, a SPU (spherical joint - actuation prismatic joint - universal joint) actuation
limb r, with a linear actuator, a SP-type center passive constrained rod ry, a planar couple-constrained
actuation mechanism P, and three flexible fingers installed with sensors and springs. Here, P, is formed
by 2 RPRR (revolute joint - actuation prismatic joint - revolute joint - revolute joint) linear actuation
limbs r; (i=1, 3), a connection rod L and m,. m, is a quaternary link with three connection points b;
(i=1,2,3) and a central connection point 0. L is a ternary link with 2 connection joints at B; (i =1, 3)
and a center connection point B;. B is a ternary link with two connection points (B;, B,) and a central
connection point O.

Each of r; (i = 1, 3) has a linear actuator. The lower ends of ; are connected with the two ends of L at
points B; (i =1, 3) by the revolute joints R; (i = 1, 3). The upper end of r; is connected with m,, at b; using
the universal joint U, formed by two crossed revolute joints R;; and R,. r, is formed by a piston rod r,,
and a cylinder r. r, is perpendicular to m,, and the upper end of r,, is fixed onto m, at 0. The lower
end of r, is coaxially connected with r,, by p joint. The lower end of r,, is connected with B at O by S
joint. L is connected with B at B, by a revolute joint R, . The upper end of r, is connected with m,, at b,
by U joint. The lower end of r, is connected with B at B, by S joint. b; (i =1, 2, 3) are uniformly located
in the same circumference of m,. B; (i=1, 3) and B, are located in the same circumference of B. Let
(II, L, |) be the parallel constraint, perpendicular constraint, and collinear constraint, respectively. Let /,
be a line from b, to b;. The geometric constraints {R;|L; LI|IX, R, LL (i =1, 3); R/|IR;|IR12|IR32; R; Lry;
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Figure 1. Prototype of couple-constrained parallel wrist with three flexible fingers (a) The open and
closed poses of three fingers (b), (c).

Figure 2. Kinematics model of couple-constrained parallel wrist.

R 1|R31; Ri1 LR »; Ry LR3; x|l zLm; Z 1L B} are satisfied. In this case, R, and R;; are always kept in the
same rotation. Based on a revised Griibler—Kutzbach equation [6], the DOF of the couple-constrained
parallel wrist is calculated as follows:

M=6(ny—n—1)+> M+¢—M,
=6x(10—12—1)+18+3=3 (1)

The number of the links is n, = 10 including one m, with the piston rod of r,, one cylinder of r,,
1 B, 1 L, 3 cylinders of r; (i=1, 2, 3), and three piston rods of r;; the number of the kinematic pairs
is n=12 including {R;, R;, R;, U,, Us, 2S, 1U, 4P}; the sum of local DoFs of the kinematic pairs is
XM, =18 since (R, R;, R;, 4P) provide seven local DOFs, 2§ provide six local DOFs, 1U provide two
local DOFs, and {U,, U3} provide three local DOFs because R, and R;, are with the same rotation; the
redundant constraint is ¢ = 3 for P,; and passive DOF is M, =0.

DOF of the flexible finger is calculated as 1 in ref. [20].
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2.2 Kinematics model of moving platform

The couple-constrained parallel wrist includes several moving links. Let {m} be a coordinate system
o0-xyz fixed on m, at o, { B} be a coordinate system O-XYZ fixed on B at O. Let {r;, 8; (i=1, 2, 3)} be
the vector of the actuation limb r; and its unit vector, respectively, e; be the vector from o to b;, {"'b;, b,
(i=1, 2, 3)} be the vector position of connection point b; on m,, in {m} and {B}, respectively. Let {B;
(i=1, 2, 3)} be the vector position of the connection point B; on B in {B}, (0, X,, Y,, Z,) be the vector
position of point o on m, in {B} and its three components. Let (x;, X,,, X, Y1, Ym> Yus 2> Zms Zn) be the
nine orientation parameters of m, in {B}, («, B, y) be three Euler angles. Let e; = e (i =1, 2, 3) be the
distance from o to b;, E; be the distance from O to B;, ¢; be the angle between x and the line from o to b;,
L be the unit vector of L, I, be the unit vector of /,, ¢ be one of («, B, v, ¢;, 0). Set s, = sing, ¢, = cose,
t, = tang. Let R be a rotation matrix from {m} to {B} in the order of XYX. {R,"b;,b;, B,(i=1,2,3)}

m m

are represented as follows:

X1 =Cg Y =588y, 31 =8gCy
B
R=1 Xu=5458 Yu=0CaCy —SoCpSy = —CaS, — S4C4Cy (2a)
Xy = —CoSp  Yn =84Cy + CoCgSy Ty = —8a8, + CoCpCy
Xpi Coi X Coi
"b=| Yy | =e| Su |.Bi=\| Y | =Ei| 5y |,
Zy;i 0 Zpi 0
1 1 (2b)
Cp 1 $ = 3300,
L=x=1 so55 |.L=X=|01], ¢,=90°,
—CaSp 0 Q3 = 210°
X, eiCyiX; + €5,y + X,
0= Yo ’ b[ = f:,R mb; + 0= eic(pi-xm + eiswiym + Yo (ZC)
Zo eicwi-xn + eisv)iyn + Zu

The formulas for solving the inverse displacement r; (i =1, 2, 3) are derived from Egs. (2a), (2b),
(2¢) as follows:

Xi Xm Xn
(riL)y=0— X, —Xp1 Yo=Y Z,—Z|=0
1 0 0
X (Zpy — Zg1) — Xy (Y1 — Y1) =0— (3a)

_ Els(plcoz - SozZo - CC(YO

c
v
€18¢1

€iCpiX; + €8,y + X, — Eicyi
ri=b;— B, = | ec,Xy+ eiSyym + Y, — EiSyi |,
€iCpiXn + €iSyiYn + Z, (3b)
R=X+ Y+ 72,6 = |:—i,i= 1,2,3
It is found from the structure performance in Fig. 2 that the parallel wrist includes two independent
constrained forces f,,,; (i =1, 2) and two couple-constrained forces f.; (i =1, 3). f.o;: (i =1, 2) are exerted
onto ry at O, f,; are exerted onto m, at b; (i =1, 3). Let (.o, ¢;0) be the scalar and unit vectors of f..
Since f. (i =1, 2) do not generate any power during the moving of ¢, (f.0:L7¢, f.0:/O) must be satisfied.
Since there are (x_Lry, yLry), (co1 = X, ¢, =) are satisfied. Based on the principle of virtual power,
fe0i (=1, 2) and their constrained torques satisfy

Jeoicoi v + (foi€oi X 0) -0 =0—
(x" xxo)")V=0,(y @x0")V=0

here, x, y, and o are the unit vectors of x, the unit vector of y and the vector of o in {B}, respectively.

“4)
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Let (f.;, ¢;) be the scalar and unit vectors of f;. Since f,; (i =1, 3) do not generate any power during
the moving of m,, (¢;|R;, and ¢; = —c;) must be satisfied. Let 7; (i =1, 3) be the constrained torques
exerted onto L. Let L be the unit vector of L. {(f; x r))-L =t, (i=1, 3); t.,=t.z, t,|L} are satisfied
based on the balancing condition of the constrained torques. Therefore, there are

(ry X fac; +r3; x fiz¢;)-L=0— (5)
(ryxcy)-L
ﬁ‘3=_mf;]’cl=xxal’c3=_cl

Since neither the couple-constrained forces f.; (i = 1, 3) nor the couple-constrained torques e; X f;
generate power, (f.||f., ¢;L3;, ¢;||R;) are satisfied. It is known from the principle of virtual power that
the couple-constrained wrench must satisfy

(faci +fa€3) - v+ (e X fuci + €3 X fi3¢3) - @ =0,

e;=e —Ilx ©
Substitute Eq. (5) for Eq. (6), it leads to
{[(rs x¢3)-Lle, —[(ry x¢y)-Lles}-v+{e, x [((r; x¢3)-L) - ¢, D
—((rixc)-L)-¢;]+1Lxx ((ryxcy)-L)-¢;}-0=0
Eq. (7) can be simplified as below:
c-v+t-w:0,(cT rT)V:0 8)
The items ¢ and t in Eq. (8) are derived from Eq. (7) and ¢; = —c; as follows:
c={[(rs xe3)-L]e; — [(ry x ¢1) - L] ¢3} /1,
={=[@rsxe))-Lle,+[(r x¢))-Llei} /1, )

={-[Lxr3)-cJer+[(Lxr)-cle}/l,
=Lx@r —ry)/l,=Lx(x—LL)/l,=X xx,

t=e x{[(r; x¢3)-Lle, —[(ry x¢y)-Lles} /1,
+1x x [(r; x¢;)-L]es/l,
=e; Xc+x x[(r xc) -Llc; (9b)
=e xXc—xXxX[(Lxr)- -clec
=e xc—xxX(Lxr)=e xc—xxXxr)

Let {v,;, a, (i=1,2,3)} be the input (velocity, acceleration) of the parallel wrist along r;. The formula
for solving v,; is represented as below:

vi=(8 (ex8)")V (10)

Let (V,,, A,,) be the general input velocity, the acceleration of the couple-constrained parallel wrist.
Let (V, A) be the general output velocity, the acceleration of m at 0. Based on the formulas for solving
the displacement and the couple constrained forces, the relations of (V,,, V) of the couple-constrained
parallel wrist are derived from Egs. (9a), (9b), (10) as follows:

V,=JV,V=J"'V,, VI =V (),

Vi 8 (e, x8)
Vi 8 (e2x8)
v,=| " | s= 8; (e3x 8" (11a)
" 0 I ' (xxo)
0 y xo)
0 c’ 7

https://doi.org/10.1017/50263574723000620 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574723000620

Robotica 2719

The relations of (4,,, A) of the couple-constrained parallel wrist are derived from Eqs. (11a) as
follows:

A,=JA+JV=JA+V'HV, ] =V'H,

ay (S/IT (e; x 31)/T h,
(2% 3/2T (e; X az)lr h,
PO K55 NP SRR Si R (11b)
0 xT  (xxo0) h,
0 y' o yxoe) hs
0 cT 7 hg

here, J and H are the 6 x 6 Jacobian matrix and the six layers 6 x 6 Hessian matrix of the couple-
constrained parallel wrist, respectively; k; (i =1, 2, 3) are the 6 x 6 sub-matrices of H corresponding to
the actuation forces f,; along r;; (hy, hs) are the 6 x 6 sub-matrices of H corresponding to constrained
forces (f.o1, fe02), respectively; kg is the 6 x 6 sub-matrix of H corresponding to f,; (i =1, 3).

In order to solve the sub-items of H in Eq. (11), several extended skew-symmetric matrices and
relative formulas are derived and explained as follows.

Let £ and ¢ = s(¢) be a vector and its skew-symmetric matrix, respectively. Let C be a three layers
3 x 3 constant matrix. Let I, (k=1, 2, 3) be the 3 x 3 sub-matrixes of C. The relative formulas are
represented by [21].

The formulas for solving k; (i =1, 2, 3) in Eq. (11b) are derived by [22]. The formulas for solving A,
and hs in Eq. (11b) are derived as follows:

A 0 —Xx
Y=oxx, x =o"2=V".), @xxo)'=V"{ .7 ),
x %0

0 X 0 y (12)
T TN —X _ -y
h4—(x (.X'XO) )_(f 26)’}!5_(;’ 575)
The formulas for solving k¢ in Eq. (11b) are derived as
=X xx)=Xx(@xx)=(05,; —X&)V, (130)
¢ = (hcl th) V,h =053, =—Xx,ri=v+wxe
T'=(e, x¢) —(xx W)
O -SSP A (13b)
= (ce. —e, Xx — Wz ~|—xXe.) w—3Xv=(h,, h,)V
W:X Xry, hrl == _ﬁk,
h., =ce, — &, X% — WX +xXeé,,
(13¢)

(&) @)=V, h6=< ‘

3. Workspace of couple-constrained parallel wrist with three flexible fingers

The parameters of the parallel wrist are listed in Table 1.

The reachable workspace of the gripper is an important index to evaluate its operation performance.
A reachable workspace of the gripper is constructed, see Fig. 3.

Since the couple-constrained parallel wrist has a symmetry structure in OYZ plane, its reachable
workspace is also symmetry in OXZ plane. Let {7;nax, 7imin, AF; (i =1, 2, 3)} be (the maximum extension,
the maximum extension, and the increment from 7y, tO 7imax) Of 7;, respectively. Let { Fyjmax, Fuwyjmins AV
G=1,2, 3)} be (the maximum extension, the maximum extension and the increment from 7,,m, to
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Table I. Parameters of couple-constrained parallel wrist.

Parameters and symbols values, unit

S, sp sides of m and B 150/32, 250 mm
a,, a., a,; input accelerations 2,1, 1 mm/s?
initial length of r;, (i=1, 2, 3) 360 mm

r; input length range input 360 — 500 mm
increment Ar; of r; 10 mm

w.n, fi t 0,1,0,0

the jth finger force £, [123]"N

the jth finger torque ¢,,; [456]" N-m
m,, "1, 1kg, I kg-m?

Figure 3. Reachable workspaces of couple-constrained parallel wrist with three flexible fingers at
fingertips. A isometric view with dimensions (a). A top view (b).

Tywmax) O 17, TESpECtively. In the light of the basic parameters listed in Table I, the reachable workspace
W of the gripper is constructed using Matlab and is transformed into Solidwork using CAD variation
geometry [23]. It is known from Fig. 3 that the workspaces of the three finger equivalent mechanisms
at the fingertips in the developed gripper are quite large.

4. Dynamics model of couple-constrained parallel wrist with three flexible fingers

The kinematics of moving limbs r; are the pre-conditions of the dynamics analysis of the couple-
constrained parallel wrist with three flexible fingers. Since the kinematics of r; are quite complicated,
the derivation kinematics formulas of r; are explained in Appendix A. A dynamics model of the gripper
is shown in Fig. 4. Some symbols for establishing the dynamics model are explained as follows.

Let g; be the piston rod as g = p or the cylinder as g = ¢ in r;. Each of the limbs r; (i =0, 1, 2, 3)
is composed of a piton rod with its mass center p; and a cylinder with its mass center g;. Let a,; be the
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Figure 4. Dynamics model of limbs r; (i=0, 1, 2, 3).

translational acceleration of the moving link g; in r; at its mass center in {B}. Let &; angular velocity
acceleration of r;. Let J,; (g = p, q) be the Jacobian matrix of the moving link g; in ;. Let V,; and A,
be the general velocity and the general acceleration of g; in r; (i =0, 1, 2, 3). The formulas for solving
{a,, €, ], (g =D, q), Vy A} are derived in Appendix A.

Let f,, t,,m, 1, G, {(u=o,p; q;i=0,1,2,3)} be the inertial force, inertial torque, the mass, the
inertial moment, the gravity of the moving links at their mass centers in { B}, respectively. Let (f, ¢) be
the working-load wrench applied on m, at 0. Let (f}, ¢,) be the damping force and torque applied on
m, at o, respectively. Let u be a damping coeflicient. The formulas for solving (f,, ¢, G.. L., fa. t,) are

represented as
Fo\_ _ 0 _(mJd O
< tll o MuAu le X (Iuwu) ’ MM o O Ill ’

GuZmug’ uz_muau’ {u=m’p[’ 111, (120’ 1a29 3)}& (14)

tu = _Iueu — W, X (Iuwu)a fd =—uv, td =—Uw

Letf,; (i=1, 2, 3) be the scalar of the input actuation force along r;. Let f; (j =1, 2, 3) be the scalar of
the input actuation forces of the jth finger. Let . be the scalar of the constrained force exerted on m,, of
the parallel wrist, see Fig. 3. Let F, be the general actuation/constrained forces of the developed parallel
wrist and the three fingers. Let V; be the general input velocity of the three finger mechanisms. Let V,
be the general input velocity of the developed parallel wrist and the three fingers. They are represented
in {B} based on Eq. (11) as follows:

» h
v, F, /
(v ) m=(E ) vi=[% ) 2= (2)
f f ’ f
% I3 (15)
Vpr: (Vrl V2 Vi3 0 O O)T’

Fpo=(fu fo fao fo fo f)

Let (f.,, t.;) be the working-load wrench applied on the jth fingertip w;. Let V,; be the general
velocity of the jth fingertip w; in {B}. When ignoring the friction of all the joints in the mechanism, f
and ¢ are applied onto m,, based on the principle of virtual work, a power equation is derived as

T r(f+Sf,+8 +f, 5oyt (S
VrF,-+V ( t—}—t(, +td +Z>=IVWJA tw{/’

+Z?=0 <V;'l <f/)i:gp[> + V; (fqi:_lgqi)) =0

pi qi

(16)
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here, the items from the left to the right in Eq. (16) are the powers generated by F,, by (f,, ¢,, 8,) of m

and (f, ¢) and (f}, ¢,) applied on m,, by (f.:, t.:), and by (fy.t..81), respectively.
A formula for solving V ; is represented as follows:

V=V (I VI CT, ) a7

wry'
here, V@. is derived (Lu, et al. 2021).
The relations V. and V are represented based on Egs. (11), (16) as follows:

_N\T
VIF,=V'F, +V/F, V' =V (J7),
V;:VTJ;:V;r (Ji) g,a(g P> Q)
Considering the friction of the joints in the mechanism, the efficiency ( < 1) of the developed gripper

can be added here. Thus, the formulas for solving the general dynamic actuation forces and the dynamic
constrained forces are derived by substitute Egs. (17), (18) into Eq. (16) as

Ff = _l Z( TUJW'/JEI) ({ )’ (192)

(18)

n wj
_ 1 m.g
F”’ B {E (( ) MV MOA * <—(00 X (Iowo) ))
: m,g
()

+ ;J; <_Minqi + (_wi ’Zqi(%q,-w,-) >> + Z, 1 ( w) (C:]j)}

The formulae for solving the dynamic couple-constrained forces f,; (=1, 3) and the dynamic
constrained torque ¢, exerted on to L are derived by utilizing Egs. (7), (19b) as follows:

e
fe=fatfafa= 11k Ja =fe = fas (20)

te=@ X fac) - X, k=(ry xc))-x/[(r; x¢;) - x]

5. Theoretical solutions of kinematics/dynamics

A program is compiled using Matlab based on the theoretical formulas in Sections 2, 4 and Appendix A.
Theoretical kinematics solutions of m, of parallel wrist are solved, see Fig. 5.

The dynamic actuation forces f;; (i = 1, 2, 3) of the parallel wrist are solved, see Fig. 6a. The dynamic
actuation forces f; (j =1, 2, 3) of the fingers are solved, see Fig. 6b. The dynamic constrained forces f .
(i=1, 2) of the parallel wrist exerted on r, are solved, see Fig. 6¢. The dynamic constrained forces f,;
(i=1, 3) of the parallel wrist exerted on L and the dynamic constrained torque #. are solved, see Fig. 6d.

In order to verify the correctness of the theoretical solutions of the gripper, an equivalent sim-
ulation mechanism of the gripper with three fingers and a logical block of RPR-type actuation
limbs r, and r;, a logical block of SPU type actuation limb r, are constructed, respectively, using
Matlab/Simulink/Mechanics, see Appendix B. The absolution errors Ax between the maximum the-
oretical solutions x and the maximum simulation solutions x, are listed in Table II and Table Al. It
is known from Table II that the theoretical solutions coincide with that of the simulation mechanism.
Hence, the derived formulas in Sections 2, 3, and Appendix A are correct.

6. Experiment of prototype of couple-constrained parallel wrist with three flexible fingers

Two poses of prototype of couple-constrained parallel wrist with three flexible fingers are shown in
Fig. 7a, b.
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Figure 5. Theoretical kinematics solutions of the moving platform m, of couple-constrained parallel
wrist with three force flexible fingers.
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Figure 6. Theoretical dynamics solutions of dynamic actuation forces, the dynamic constrained forces,
and torque of parallel wrist.
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Table II. Absolute errors Ax=abs(x-x,) between the maximum theoretical solutions x and the
maximum simulation solutions x,.

Av, Av, Av, Aa, Aa, Aa, Aw, Aw, Aw,
—4.33 2.53 1.00 —-5.07 —4.76 —1.31 —7.18 —1.22 9.87

x107% x107® x107® x1072? x107? x107? x107® x1072% x10™"
Asx Agy A‘c:z Af‘al AfaZ Afa?a Achl AfL‘OZ Afc
8.00 —1.05 8.60 —2.47 4.49 —2.31 —4.12 1.36 9.50

x1072  x107?  x107%  x107  x107 x107  x10°  x10°  x10°®

F2max— / '\f

500mm

Figure 7. Prototype of couple-constrained parallel wrist with three flexible fingers for grabbing object
M =25kg in two poses as r; = Fi, (i=1, 2, 3) (a), and as ry = rypge, ¥1 = 13 = Fipin (D).

Let rimn (i=1, 2, 3) and r;n, be the minimum and maximum extension of actuation limbs r;.
Let M be the mass of the grabbed object. M is increased to 25 kg, see Fig. 7b. Let f,; be measured
forces of sensor of fingers i. A measured system is built to measure f,; as grabbing object with differ-
ent masses, see Fig. 8a. As grabbing object with M = 14 kg, the measured results of f;; are shown in
Fig. 8b.

It is known from the experiments the developed prototype of couple-constrained parallel wrist with
three measuring force flexible fingers that:

1. A heavy workload M =25 kg can be grabbed and moved in the large workspace, see Fig. 3 and
Fig. 7b.

2. A large grabbing impact can be reduced greatly using a pre-pressured spring installed in the
finger, see Fig. 8b.

3. The measured forces f; are varied smoothly as grabbing the object with constant mass and mov-

ing smoothly. (f,i, 2, fs3) are different with each other, which are dependent on the grapping
pose and the manufacturing precise of the finger, see Fig. 8b.

The measuring force flexible finger is formed by a screw motor 1 and a seat 2 fixed onto m,, a nut 3,
a sensor 4, a sleeve 5, a spring 6 and a inner sleeve in sleeve, a fingertip link 7, a long slice 8, a short
slice 9, see Fig. 9. A big heavy tub and an egg 10 can be grabbed, see Fig. 9.
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Figure 8. Measured system of sensor forces f,; of fingers in developed gripper as grabbing object with
different masses (a), Measured results of f;; as grabbing object with M = 14 kg (b).

Figure 9. A big heavy tub (a) and a easy breakage egg (b) grabbed by couple-constrained parallel
wrist with three flexible fingers.

7. Conclusions

The developed novel couple-constrained parallel wrist has three DOFs and quite large workspace which
is benefited to increase the dexterity of the gripper.

The couple-constrained parallel wrist with three measuring force flexible fingers can be used to grab
the heavy objects with various shapes or large volume. It also can be used to grab the small and easy
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breakage object. A large grabbing impact can be reduced greatly using a pre-pressured spring installed
in the finger.

The theoretical solutions of the kinematics and dynamics of the couple-constrained parallel wrist
with three measuring force flexible fingers are verified to be correct by its simulation mechanism. These
kinematics and dynamics models of the developed couple-constrained parallel wrist with three measur-
ing force flexible fingers provide a theoretical foundation for analysis of the dynamics and stiffness of
other grippers and their control.

Further study should be conducted on the synthesis and optimization of the kinematic parameters
of the overall gripper mechanism in order to increase the grabbing capability and the dexterity of the

gripper.
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Appendix A
A. Kinematics of moving limbs r;

The kinematic models of the moving limbs r; are shown in Fig. 3. Let v; (i = 1, 2, 3) be the translational
velocity of r; at point b; in {B}. Let (w;, €;) be the angular (velocity and acceleration) of r; in {B}. g;
may be the piston rod as g = p or the cylinder as g = g in r;. The formulas of (r;, e;, v, w, v;, ®;, v;) can
be represented as follows:

Vi=V:6,+@; XF, Vi=V+®Xe,v,— V06, =w; XF; (A1)

The kinematics/statics formulas of the flexible finger have been derived by [21]. The kinematics
formulas of the moving limbs r; (i =0, 1, 2, 3) are derived as follows.

A. 1. Angular velocity/acceleration of actuation limbs r;
Cross multiply both sides of the first formula in Eq. (A1) in the right by r;, it leads to

8,’ X vi=8i X V,,-a,- +ri8,' X ((l)i X 8,)

(A2)
=r0; X (@; X 8;) =r,@; —1: (§; - @;) §;

The upper ends of r; (i=1, 2, 3) are connected with m by U; at b;, U, is formed by two crossed
revolute joints R; (j =1, 2), and (R;y LRy, Ry Lz, Rp Ly, Ry1|Ry) are satisfied. Let R;; be the unit vector
of R;. The angular velocities @, (i =1, 2, 3) of r; are satisfied as follows:

®; +0iRy +0pR, =,

. (A3)
Ry, =Ry xr/IRy xr],(i=1,2,3)
here, 6'; (i =1, 2, 3; j =1, 2) are the scalar angular speeds of r; about R;.
Cross multiply both sides of Eq. (A3) in the right by r;, it leads to
@ Xri—O0 R, xr;—0HR, Xri=w; Xr;
2 (A4)
=Vi—V,,'8i=Vi_ (v,~~5,~)5,-=—5,- (V+(l) X ei)
Dot multiply both sides of Eq. (A4) in the right by R;, and R;,, respectively, it leads to
A2
(@ xr) Ry — (0R, x1) Ry =3, (—V + éiw) Ry,
(A5)

[N

(wxr;) Ryp— (07 R; xr;) Ry 31.

(-v+éw) Ry
The formulas of 6’; and 6';, are derived from Eq. (A5) as
h=[- (Re) -0 =& (v = 20) Rz | /i,
b= [(R)-0+8 (v~ ) - Ra ] /da, (A6)
dy =R,y xRp) -1,

https://doi.org/10.1017/50263574723000620 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574723000620

2728 Yang Lu et al.

Substitute Eqs. (A6) for Eq. (AS), a formula for solving w; is derived from Eq. (A3) as follows:
@, =® — R;0;, — R,0),
=w+R; [R,T2 (wxr)+ RZ;SIZ (v— é,-w)] /d:
“R, [R; (@xr)+ RS, (v — éiw)] Jd, (A7)
®w.=w—d, [(r3w> — 32 (v— éiw)] /d,
d,=R,R, —R,R).d\,=r;- Ry x Ry)
Eq. (A7) is simplified as follows:
@ = J)xe Vodoi = (Joir Jui) /dins
Jon =dnd. . Ro= Ry x ) /Ry x 11, (AS)
Jon=dal —di (i + 8] e) dod — dif; — J o,
The items {dp, r; - (R; x R;,),dF}, d;;} for solving &; are derived as follows:
R, - R,=0,R,=w xR,;,R) =w; X R,
d>=R.,R, —R,R, =5 (R, xRy),R;, -1, =0,
T (A9)
[R2 xR =R x Ry + Ry x R))”
= (w;-R1) R, — (0-Ry) R =0'R,R], — @"R,R],

il?

ri-(Ry XxRy) =—r;- (Ro xRy;y)'

=—(0;-Ry) (ri-Rp) + (R -®) (r;-R;y)

=w'Ry (r;-Ry),dofi = — ("z{)T dnC) = -V’ (é) d»0),
W =[Ry xRp)-r]'=ri-(Ry xRy) +r;- (R xRp)'

=(v+woxe) Ry xRy + @R, (ri-Ry)

=V’ [(é) (R X Rp) + ((I)) Ry (r; 'Ril)]

The items {d},, dﬂég, d,.zéfé;, d,—Z(S,.z)’} for solving ¢; are derived from Eq. (A9) as follows:
12 =S (R12 X Rtl) - [(RtZ X R[]) ]

0
= [(wrR) B~ (ko) R €=V [ TZRD B~ (e )| €]

dodi=— ()" duC =¥ (f‘z (@:C),

asiiei=— @y [(4:d) €] = ()[(dé)]
(3) (33+83) (6)[12C5 (a: )]

( é)[ o+ (28,) €]

I

(A10)
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Next, the formulas for solving €; are derived from Eqs. (A9) and (A10) as follows:
€ JU)[A_'_JL/J)[V Jz/x)t—[( wil J(/uiZ) _dL{IJw[] /d[I ZVTHa)h

;;il = (dizs,-z) :dz{zsiz +di2 (3,2) = VThmil,

0 A2 (dtZC) 6 + ( 1281') C

A A ’
Jo = (dill —dyr; — Jwilei)
N N A~ A T
=dyl —dpr, —dpti — J i€ — Jonei =V h,p,

1 0
h,n= (é) [(Ril X R[Z)I+di2c] + <I) Ry (ri-Ri)1

0 ~ 0 ~
- |:(JHT,,-R,'1)R,2 - (R-ZRT )i| Cri+ (é) (JuirC) — h,ié€;,
[P2A] i
Hy = (hoir hoi) — DY Ry xR+ () Ro R |7
wi = d_,l wil wi2 é (Riy X R) bi o (i Ry) [ Jui

H,, is the 3 x 6 Hessian matrix mapped from V to &;.

(All)

A.2. Translational velocity and acceleration of r;
Each of the limbs r; (i =1, 2, 3) is composed of a piton rod with its mass center p; and a cylinder with
its mass center ¢,. Let v,; and a,; be, respectively, the translational velocity and the acceleration of the
moving link g; in r; at its mass center in {B}, g = p for the piston rod, g = ¢ for the cylinder. Let r; be
the distance from B; to b;. Let [,; be the distance from b; to p;. Let [; be the distance from B, to ¢,. The
formulas for solving v,; are derived as follows:
Vi = V0 + @; X (ri - lpi) é;=J,:V,
T =88 (I —&)—(ri—1,) 8:J., (A12)
Vg = ®; X lqiai =quiV9 qui = _quS[Ja)i
here, J,,; (g = p, g) is the translational Jacobian matrix of the moving link g; in ;.

In order to derive the formula for solving a,;, several items {r/, &/, (8, ) 3.9, ) d; STe,, H g (i=1,2,
3)} are derived as follows:

r=v,=r-8 =)' =0+wxe) s

. I d;
=[(1 —ef>v]’8f=vr(«)5':“(@,.3,.)’

S=ri/r) =—[v+wxe)x§] Cs/r

I
3. S; v’ 3.
v %) =2 % )e s,
[ (2161)} Fi Fi [(élal) e} t (A13)
3/: NT _ § 3

88 =— @' (63 )]——v’(é’)[(&s?)c],
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@) =& x[(v+wxe) <&l /r,

& v (¥
=—[(v+coxe,»)x8i]T_’:__< 2)’

i i

T 2 ..T
=—[v+oxe)x§] —— 8:8 € —VT(&)(S'& ©)

Siv](’m’ = Si [(J(/ut] J(ulZ) dl/l-]u)l] /dll = VTh
SiJ(/ui] = Si (di28?> = 6id1{26,' + aidiZ (8,) = VThila

h, (J;,R R — (;’) R12R5> (3c)8
(£) L )i (o) )]

SiJ:uiZ = S, ( W —dpt; — dipfi — J ne; — Jne; ) V'h,
1

h; =< ) leRtZ)a+<(I)>Ri2(ri'Ril)3i
I
+

é
(é,) {[85 ®: x RD] €} + ULRRL) (3C) 7,
- ( f) R,-ZRS> (3c)r+ ( f ) [(8n) €] = haé
h= (’1”51%12) — [(él,) (Ril X R,-z) + <(I)> Ri2 (r,' ~Ril):| 8;{:0’:|

Differentiating v,; (i =1, 2, 3) in Eq. (A12), a,, is derived using Eqs. (A12) and (A13) as follows:

= =T + Jwv 1=V'H,.

[ ) - (r,- - lpi) Si.lwi]/
[( ( /8 ) (5 3T +4 8/T> 81'8?2’;{) (A14)
[

) 81‘ + (”i - lpi) 5:] Joi — (ri - lpi) Si-]a:,-,
vai: (hpil h]n'Z) - (ri - lpi) h

Lpt
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Differentiating v,; (i =1, 2, 3) in Eq. (A12), a,; is derived using Eqs. (A12) as follows:

@y =J oA + TV, Ty = (—lql-&-Jw,-)’ =l (80 +80.) = V'H,,,

i é,ﬁ

i

A2
Hy,=% ( 8) Codoi—l,h (AL5)

A.3. Velocity and acceleration of moving links in ry

Let w, and &, be the angular velocity and the angular acceleration of r, in {B}, respectively. Since the
upper end of r is fixed onto m at 0 and r|z is satisfied, @y = @ and €, = ¢ are satisfied. r, is composed
of a piton rod with its mass center p, and a cylinder with its mass center g,. Let r, be the distance from
O to o. Let [, be the distance from o to py. Let [, be the distance from O to g,. Let v, and a,, be
respectively the translational velocity and the acceleration of the moving link g, in r, at its mass center
in {B}, g = p for the piston rod, g = ¢ for the cylinder. As i =0, e¢; =0 are satisfied, the angular velocity
and translational velocity kinematics of g, are represented as follows:

wo=JoV=0,J,o=(0 I),J,,=V'H,,
eo=J, A+ V' H,W=J,A=c¢,

H, =0, J,=0 vo=J,0V, vjo=JuoV,

T =880 (I 0) = (ro — o) 86 uos Jrao = —Li080J w0

here, J ,, is the 3 x 6 rotational Jacobian matrix of ry; H, is the 3 x 6 rotational Hessian matrix of r,.
The several items {8, (8'0)", 80(8'y)"} for solving a, are derived from Eqs. (A13) as follows:

VT S VT 82
S=——1{%")C.80, (86) =—— [ %
0 7o <0>Ce 07( 0) 7o (0 5

(A16)

(A17)
vl (3§
/T
6060 - —Z ( (;)> (6060TC)
Differentiating v,, in Eq. (A16), the formulas for solving a,,, are derived using Eqs. (A16) and (A17)

as follows:
apO = va()A + J(/pOV = vaOA + VTHVp0V7

J{’]JO = [6065 (I 0) - (r() - lp()) SOJwO:I = VTHVpOs
5 8, 1 (§ Al8
mo=(=((5) )5 =5 () 1) o) o

_ So S (rO — lPO) 33
( 0 ) 80J o + —Vo 0 C.J .o

here, H,, is the 6 x 6 translational Hessian matrix of the piston rod as g = p in r,.
Differentiating v,, in Eq. (A16), the formulas for solving a are derived using Eqs. (A16) and (A17)
as follows:

0
0
0= (—laobod ) = =10 [30) €] Joo =V Hoyg

here, H,, is the 6 x 6 translational Hessian matrix of the cylinder rod in r,.

I A2
a, = quOA + VTqu(lvv quO = rio <80> CeJa)O’ (A19)
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The formulas for solving the general velocity V,; and the general acceleration A,; of the moving links
g inr; (i=0, 1, 2, 3) are represented as follows:

V= (‘:;:) =JV, Ji= <§Z>’ Ji=V'H,,
(A20)
a,;
A= ( eg- ) =J,A+V'H,V, H, = (

1

HVgi) l=0’ 1’2»3;
H, ) g=pgq

Appendix B

A logical block of equivalent simulation mechanism of the gripper with three fingers and its simulation
mechanism are constructed by Matlab/Simulink/Mechanics, see Fig. B1.

(a)

Body SensortTo Workspace1
Machinea] 7
Emvironment| ™" Conn2 [ ¥ FOSTION

¢
O
Conn3 [H
Ground1 Nlm @l Connt

Weld1 Conns [§——@Fingerd

PM

Figure B1. A logical block of equivalent simulation mechanism of the gripper with three fingers (a)
and its simulation mechanism (b)

A logical block of parallel wrist is constructed using Matlab/Simulink/Mechanics, see Fig. B2.

@—EC&] o 9/
2
Conn2
(Zoe-Hcss csafp-o3
Conn3
To Workspace1/ . -(F« ] csfys2 G’} B
w1 h
Revolute1/2
Y S
BodySensor1 = Css Cs5[H
nnd
i -
Conn’ jp—R CS7 csalaa &

o Moving platform

Figure B2. A logical block of parallel wrist
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A logical block of RPR-type actuation limbs 7, r; are constructed using Matlab/Simulink/Mechanics,
see Fig. B3.
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Figure B3. Logical block of RPR-type actuation limb r,.

A logical block of finger is constructed using Matlab/Simulink/Mechanics [20], see Fig. B4.
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Figure B4. A logical block of finger.
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Table B1. Absolute errors Ax=abs(x-x,;) between the maximum theoretical solutions x and the

maximum simulation solutions x,

Aqux Aquy Aquz Aaqﬂx Aaq(]y Aaql]z A(UrOx A('Ur()y Aa)rl]z
1.02 3.73 9.99 6.35 3.79 1.30 —3.85 9.95 1.07
x 107" x 107"  x107P x 1072 x 107" x 10712 x 1078 x 107 x 107"
A vp()x A Vp()y A vaz A ap()x A apOy A ap()z Ag rOx Aeg rOy Ag r0z
—1.07 7.58 —1.01 6.25 3.73 1.69

x107  x107%  x107®  x107?  x1072  x102 <107 <107  <107'°
Avqlx AVqu AVqlz Aaql)r Aaql)‘ Aaqlz Aa)rlx Aa)rly Aa)rlz
1.02 3.74 9.99 9.99 9.99 1.11 —3.81 1.03 1.07
x 107 x107" x107% x 1071 x 107  x107'* x 1078 x 1071 x 1071
AVI“X Avply AvP|Z Aaplx Aa,,ly Aaplz AS,]X Agr]y AS,]Z
—-9.95 7.69 —1.07 9.99 9.99 9.99 9.99 9.77 9.99
x 1071 x 1071 x 1071 x 107 x 107 x 1071 x 107 x 1071 x 10710
Aqu}( Aquy Aquz AanX Aaqz)- Aaqzz AC(),QX Aa)rzy AC(),QZ
1.02 242 -3.72 —4.95 —1.22 —3.96 6.33 —1.07 1.07
x 10714 x 1071 x 1071 x 1012 x 10712 x 10712 x 10718 x 1071 x 1071
A vp2x A VpZy A va:{ Aapr AapZy AapZz A Eox A 8r2y ASrZz
1.07 9.45 1.82 —-2.16 443 5.01 4.51 2.23 —2.96
x 1071 x 1071 x 1071 x 10712 x 1071 x 1078 x 10712 x 1071 x 10712
Avq}x AVq3y AquZ Aaq3x Aaq3y Aaq32 Awrlt Aa)r3y A(/())'3:
—1.02 3.73 —6.00 —4.83 —7.42 —3.93 —3.81 1.07 —-2.04
x 10714 x 10714 x 1071 x 10712 x 10712 x 10712 x 1071 x 1071 x 1071
AVpr A Vp3y Av[ﬁz Aap3x Aap3y AapSz A €3x A 8r3y A Er3;
—2.04 —7.68 1.07 —-1.97 3.00 —1.80 —1.02 1.93 —3.96
x 10714 x 1071 x 10714 x 10712 x 107 x 1071 x 1071 x 1071 x 10712
Aw; Ag; Af a Af i Af iz Af o Af w2 Af.

—1.01 —1.02 —2.47 4.49 —-2.31 —4.12 1.36 9.50

x 1071 x 1071 x 1077 x 1077 x 1077 x 1073 x 1076 x 1078
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