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ABSTRACT A novel manipulation control framework is proposed for the dexterous robotic hand, which
integrates the constraints (contact constraints and servo constraints), dynamics modeling and controller
design. In the manipulation task, the contact between the robotic hand and the target object translates
the manipulating force and constraints the relative motion of the target. Hence, the contact forces can be
considered as the bridge for the robotic hand manipulation and the motion control of the target object. By the
Udwadia-Kalaba theory, the dynamics model of the contact forces for the rolling manipulation in the work
space is constructed explicitly without any auxiliary variable and calculated by the states of the robotic hand
(such as, the angular and velocity of the finger joints) and the local variables of the target object (e.g., the
surface parameters). Based on the formulated contact forces, an integrated control strategy is introduced to
tackle with the manipulation task by combining the desired motion of the target object and the manipulation
controller design through the contact constraints. Virtue of the calculated contact forces, the proposed control
could accomplish the manipulation tasks without force sensors. Besides, to ensure the trajectory of the object
is smooth and continuous, a grasping plan for the dexterous robotic hand is proposed. The effectiveness of
the control is verified by both theoretical proof and the numerical simulation of a three fingered robotic hand
in 3D workspace.

INDEX TERMS Dexterous robotic hand, servo constraints, constraint following control, Udwadia-Kalaba
equation.

I. INTRODUCTION manipulates the object by moving the fingers joints, which

As a kind of flexible end-effector mechanism with a
high degree of freedom, a dexterous robotic hand could
accomplish various complex and precise tasks. It has a wide
range of applications, such as industrial manufacturing [1],
[2], domestic service [3], [4], space exploration [5], medical
rehabilitation [6], [7], and dangerous goods handling [8].
Those tasks can be divided into two groups: ‘“grasping”
and “manipulation”. The former one requires fingers (might
include palm) to meet the form or force closure with
the target object to ensure stable grasping. The latter one
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is based on the grasp of the object. In comparison to the
conventional grasping tasks, the robotic hand manipulation
covers a broader range of contact types, and each of these
distinct contact types exerts different effects on the object
manipulation task (the variation in contact forces applied by
the hand to the object, intuitively). Furthermore, the differing
contact forces increase the difficulty of the manipulation
control design. Hence, how to realize the highly precise
dynamic manipulation control of the dexterous robotic hand
under differing contact types becomes the focus.

Since the manipulation of the robotic hand relies sig-
nificantly on the contact forces, the manipulation control
design in previous research works can be divided into two
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groups: contact forces estimation-based controls and contact
forces model-based controls. For those controls without the
use of analytical contact forces model, [9], [10] proposes a
series of empirical control approaches. In [9], the contact
forces can be estimated based on the detection model, which
is built by a deep neural network from the tactile data of
the objects collected by the tactile sensor. The controller
utilizes the estimated contact forces to empower the robotic
hand in manipulating the target object, even in the absence
of prior knowledge about the object’s shape or physical
characteristics. Reference [10] employs an recurrent neural
network with a parametric bias to forecast the contact state,
thereby achieving hand robot contact control by aligning
current contact forces with the desired target values. The
above control approaches, which rely entirely on artificial
intelligence-related technologies, are easily applied and can
estimate the contact forces with no need for an analytical
model of the hand robot. Nevertheless, achieving optimal per-
formance with such controllers heavily relies on the quality
of the collected data, necessitating a substantial investment of
time and resources in training with a significant amount
of data. Besides, [11], [12] introduce several controllers
to accomplish the manipulation tasks by using the model
of the hand robot. Reference [11] presents a approach for
in-hand manipulation based on the inverse kinematic model
of the robotic hand, which able to change the location
of the object by the hand robot based on rolling contact
model. Reference [12] employs an in-hand manipulation
controller to attain the intended sliding motion amidst a
cluster of grapes, relying on a model that characterizes
the dynamics of the sliding process. It predicts the sliding
directions by the contact pressure distribution at each finger,
effectively mitigating errors resulting from trajectory tracking
inaccuracies. The control method proposed in [13] utilizes
the dynamic model of the robotic hand, which can detect
slippage between fingers and the target object using a force
sensor. By this controller, it successes to adjust the contact
forces to a proper value for the object manipulation. Such
control designs introduced above can get the contact forces
directed by the force sensor. It is very simple but has no
knowledge about the relationship between the contact force
and the finger joint variables, which means it will be a little
difficult for contact forces controlling in a high precision.
For those contact forces model-based controls, several
methods developed in [14] and [15]. Reference [14] combines
the dynamic models of the dexterous robotic hand and
the target object, which aims to calculate the fingertip
contact forces. It introduces a controller based on the
contact forces to manipulate the object tracking the desired
trajectory with no slipping contact. Same as [14] and [15]
formulates the contact forces using the combined dynamic
model. It analysis the influence of the object’s gravity on
the contact forces and calculates the relationship between
these forces and the fingers joints driving torques. The
controller designed in [16], which is based on the contact
constrained forces using Lagrange multipliers, can make
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sure the object will be continuously moving within the hand
without dropping. Those control methods mentioned above
establish the dynamic model of the hand in contact with
the object by building the dynamic model of the hand and
the object separately at first. Then, by combining those
two models, the contact forces can be conducted. However,
those controllers designed based on the contact forces model
are always not considering the coupling issue between
the fingertip contact forces and the joint driving torques,
which will influence the accuracy of the manipulation.
Reference [17] addresses the coupling issue in the context
of a dexterous robotic hand interacting with a target object.
The approach treats the robotic hand and the target object as
aunified system. This system’s dynamic model is established
using the Udwadia-Kalaba equation, enabling the explicit
derivation of fingertip contact forces within the workspace.
Importantly, this method decouples these contact forces from
the control torques applied to the finger joints. Consequently,
the dynamic control approach proposed in [17] can guide the
target object along a desired trajectory without the need for
force sensors. For the more sophisticated manipulation, it is
natural to take the manipulation system’s uncertainty into
consideration, [18], [19], [20] demonstrate some promising
strategy in complex dynamic system’s uncertainty modeling
and control designing.

The study we did previously in [17] discusses the dynamic
control design when the dexterous robotic hand is in fixed
contact with the target object. However, the non-fixed
contacts also can be found in those manipulation tasks that
aim to adjust the position of the target object [21]. The most
common non-fixed contacts involve pure rolling contact,
twist rolling contact, and slide rolling contact. When the
robotic hand is in slide rolling contact with the object,
there will be the relative velocity at the contact point,
which may impact the accuracy of the object manipulation.
Hence, slide rolling contact is always needing to be avoided
during the manipulation. The kinematic analysis of the twist
rolling contact between a robotic hand and an object can be
simplified by considering it as a form of pure rolling contact.
Therefore, we consider discussing the dynamic control design
method of the dexterous robotic hand manipulation system
with pure rolling contact constraints.

The hand-object manipulation system’s inertia matrix is
singular caused by the pure rolling constraints. Therefore,
to formulate the system dynamic model, the extended
Udwadia-Kalaba equation mentioned in [22] is used in this
paper. Based on the fingertip contact force model derived
from the dynamic model of the system, we attempt to design
the control by the constraint-following control method. This
control method discussed in [23] and [24] treats the control
target as servo constraints and proposes the control using
the servo constrained forces, which can be conducted by the
extended Udwadia-Kalaba equation.

There are four contributions in this paper. First, the
kinematic model of the dexterous robotic hand and contact
constraints in the pure rolling contact are build. Second, the
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necessary condition for a stable grasp planning is analyzed
to guarantee the object’s trajectory smooth and continuous.
Third, based on the derived contact constraints, the analytical
contact forces model in the manipulation workspace is
constructed by the extended Udwadia Kalaba equation
without any auxiliary variable. Fourth, the manipulation
task is transformed into a constraint-following problem.
After decoupling the contact forces with the finger joint
torques, a contact forces model-based dynamic control of the
dexterous robotic hand manipulation system is established.
The theoretical analysis guaranteed the proposed control
strategy’s effectiveness, and the further simulation results
demonstrate that the dexterous robotic hand can perform the
precise manipulation control without any force sensors.

The remainder of this paper is organized as follows.
Section II presents the foundational mathematical concepts
used in the paper. Section III develops the kinematic model
of the dexterous robotic hand operating under the pure
rolling contact constraints. In Section IV, the condition of
the grasp planning for the stable manipulation is discussed.
An analytical model of the contact forces in the manipulation
workspace is constructed in Section V. Section VI focuses
on the establishment of the contact force model-based
dynamic control system for the dexterous robotic hand
manipulation. Section VII provides the detailed simulations
of a three-fingered dexterous robotic hand and verifies the
effectiveness of the proposed control. Finally, the paper
concludes a summary in the last section.

Il. RELATED MATHEMATICAL FOUNDATIONS

A. UDWADIA-KALABA THEORY

In a mechanical system consists of particles and rigid
bodies, the system’s configuration can be described by a
set of generalized coordinate § € R". The corresponding
generalized velocity and acceleration are denoted by 6 €
R" and § € R". By employing Lagrange equation,
the unconstrained dynamic model of the system can be
represented as

M®,0)0 =F@,0,1), 1)

where M(0,t) = MT(0,1) € RV™ is the inertia matrix
and F(0, é, t) € R" encompasses various effects include
contributions from gravitational force, externally applied
forces, as well as Coriolis and centrifugal forces due to the
system’s motion.

Assume that the system is subject to [ Pfaffian, where
| < n, these constraints can be either holonomic or
non-holonomic in nature

n
ZQrs(e, N0 +c(0,.0=0 (r=12,....0, (2

s=1
where Q,5(-) : R* x R — Rand ¢,(-) : R" x R — R are both

C!. The I constraints can be consolidated and depicted in a
concise matrix form as

06,16 + c(6,1) =0, 3)
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where Q(0,1) € R and c(9, 1) € R'. Differentiating (3)
with respect to ¢ yields

00,00 = —c(0,1) — Q0,060 =:b(6,6,1). (4
According to [22], there will be

[(1 — 076,000, 1)) M, t)i| i
00,1

_[(1—=0%6.000,1) (F©,6,1)+ C®,6,1) )

- b, 6,1) ’

where C(6, 0, 1) represents an n-dimensional vector that
describes the properties of non-ideal constraints, which can
be identified according to [25].

Assumption 1: For matrix [( — Q7. DO, t>M(9’ t)] €

0@, 1)
RHDX1 the matrix’s rank will be equal to n.

Assumption 2: The equation (5) is consistent, indicating
that there always exists at least one solution § to equation
(5).

Theorem 1: Subject to Assumptions 1-2, the dynamic
model of the mechanical system (1) which is subject to
constraints (4) can be expressed as [22]

b§ [(1 — 0+, H00. 1) M, r)T
0, 1)

(1— 0%, 000,0) (F©,6,)+C®,6,1) ©
b, 6, 1) ‘

The extended Udwadia-Kalaba equation remains applica-
ble to the constrained mechanical systems, irrespective of
the inertia matrix’s rank. Therefore, it can handle situations
where the inertia matrices are singular, without imposing
any restrictions. The constrained force F¢(9, 6,1) can be
represented according to the dynamic model (5) as

FC0,0,1)

B (1 — 0", 00, n)M®,n]"
=M, z)[ 00.1
(I —0%0,H00,1) (F©,0,t)+C®,0,1))
b, 6, 1)

—(F6,6,0)+C0,6,1). (7

The constrained force, obtained by the extended Udwadia-
Kalaba equation, is expressed in an analytic form, and
notably, it does not involve any auxiliary variables. When
the inertia matrix M(6,¢) in (7) to be non-singular, the
constrained force F°(6, 6, t) can be simplified as the one
obtained by the Udwadia-Kalaba equation in [26].( The proof
can be seen in [22]).

B. RELATED LEMMA

To express the contact forces between the dexterous robotic
hand and the target object, those Lemmas needed are
introduced here.
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(I = 016,000, )M, t)]
0@, 1)
€ R("“)X"(,g if )the rank of this matrix is n, there will be
M@, t
Rank (|:Q(0, t)i|)
The Lemma 1 introduced above is related to the extended
Udwadia-Kalaba equation. M (0, t) and Q(0, t) have the same
meaning as those two in Theorem 1.
Lemma 2: For any matrix W € R™ (m < n) which
satisfies Rank(W)=m(m > 1), then there will be [27]

Lemma 1: For the matrix [

= n and vice versa [22].

wt=mwlw)-twT, 8)

Lemma 3: For given matrices S € R™™ and H € RmM¥k
if Rank(S)=r and Rank(H)=I (r,] > 1), there will be [28]

(SH)Y" = HT(STSHHT)TS™. ©)

Lemma 4: Consider a matrix G € R"*™ which with rank r
(r > 1), there will be [29]

(GTG)T = GTG, (10)
GGG =G™. (11)

Lemma 5: Consider a non-singular matrix E € R™,
a matrix J € R™™_ a non-singular matrix O € R™™_ and
a matrix K € R™*" there will be [30]

(E+JOK)Y ' =E'—E7'JU + OKE~'J)y"'OKE™!
1 _E7'JOKU +E"'JOK)'E~!
E-'—ET'JO "+ KET')T'KET!,

(12)

Il
eshl

since
I+ OKE™'J| =10""+KE~'J||0|
=1 +E"'JOK|
=|E"YE+JOK| #0. (13)

Therefore, (O~! + KE~'J)~! will exist.
Lemma 6: Consider a matrix P € §"*" which makes (I +
S) non-singular, there will be [30]

d+S) ' =1—a+97"'p, (14)
I+S)'=1-Sq+9". (15)

Ill. THE KINEMATICS OF THE DEXTEROUS ROBOTIC
HAND WITH PURE ROLLING CONTACTS

Consider the scenario where a dexterous robotic hand
interacts with an object (Fig. 1). The robotic hand consists of
three identical fingers, all sharing the same structure with a
distal phalanx, middle phalanx, and proximal phalanx (shown
in Fig. 2). The robotic hand has three joints on each of its
fingers, all of which are actuated by servo motors. Moreover,
each finger possesses four degrees of freedom: the first joint,
connected to the palm base, has two degrees of freedom,
while the second and third joints each have one degree of
freedom.
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FIGURE 2. The ith finger(i = 1, 2, 3).

Let {Op} and {Op;} be the primary coordinate frame of
the robotic hand and the i finger primary coordinate frame,
without a relative rotation relationship between those two. Set
{Oi—1)} to be the coordinate frame fixed in the j™ knuckle
and {O;o} is overlapped with {Op;}. Set {0[,-} to be the fixed
coordinate frame in the mass center of the i"” fingertip. Lastly,
let {O,} denote the coordinate frame located at the object’s
mass center. The parameters of the i’ finger are defined as
following:
qfi; - the j* rotation angle (j = 1, 2, 3, 4.);

lix - the length of the k™" phalanx (k = 1,2, 3.);
miy, - the mass of the k™ phalanx;
I;;. - the inertia moment of the k™ phalanx.

To depict the contact points’ location on the fingertips
and the surface of the object, we establish the mappings:
fiCh() : B2 — R and °Cpi(-) : R> — R>. Suppose aj,
o, € R? are local parameters of the i fingertip surface and
the object surface. Then, // Cyi(ay) is a point on the surface of
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the i fingertip in {Of;} coordinate frame, and ?C;(a;) is a
point on the of object surface in {O,} coordinate frame.
Choose qr = lgfi, 9fi» 9fi3 > Gfis» ozﬂ-]T and g, =
[%0, Yoi Zo» Pos B0, Vo, aoi]T as the generalized coordinates of
the i finger and the target object, where, {x,, y,, 2o} and
{00, 65, ¥y} are the positions and the Euler angles of the
object. Then, the positions of the i" fingertip surface contact-
point Py, and the object surface contact-point P, in the
primary coordinate frame {Opg} can be presented as [31]

P.(qp) = Pri(qp) + Ra(qn) Clap), (16)
Pod(qm) = Po(qm) + Ro(‘]oi)ocoi(aoi))a (17)

where Pg(qp) € R? is the position vector of mass center
of the i fingertip, and P,(q,;) € R is the position vector
of the object mass center in the primary coordinate frame
{OB}. Rsi(qp) € R3*3 is the rotation matrix of the coordinate
frame {Op} relative to the primary coordinate frame {Og}, and
Ry(qoi) € R3*3 is the rotation matrix of the coordinate frame
{O,} relative to the primary coordinate frame {Op}.

In order to interact with the object, the robotic hand must
establish point contact with the object using its multiple
fingers, as discussed in this paper. Suppose i fingertip and
object in contact at time t and set the contact points are
Py.(g5i) and P, ;(q,:), the positions of those two contact points
will always equal to each other as

P(qp) + R(gp) Crilan) = Po(qoi) + Ro(qoi)° Coi(@oi).
(18)

When the tip of the finger is in a state of pure rolling contact
with the target object., there will be relative moving between
the contact point and the surface it is located. However,
there is no relative velocity between those two contact points,
which means

Ri(q) Crilasi, d) = Ro(qoi)’ Coilator, o). (19)

Besides, suppose the fingertips have continuous contact
with the target object, which means the fingertips and the
object will not separate or penetrate at the contact points.
The contact considered in this paper is a rigid contact
between the hemispherical fingertips and the spherical object.
Hence, the relationship between those two outward unit
normal vectors at the contact points should be

Ri(gp)en(a) = —Ro(qoi) €oi(oi), (20)

where /e/i(cr7) denotes the outward unit normal vector of the
contact point Py (qy, ct) in coordinate frame {Op}, “esi(0t;)
denotes the outward unit normal vector of the contact point
Py, (qoi, i) In coordinate frame {O,}.

Take the derivative of (18) yields

Pr(qsi, ) + Ralqp, 4" Crlap)
+ Ri(gs) Crlos, oip)
=Po(6]m’, é]oi)'i‘ Ro(%i, é]oi)acoi(aoi)"f‘ Ro(‘]oi)ocoi(aoi» a.oi)a
2n
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Differentiating (20) to get

(@>ORagm) en(an) + Ralgp) énle, dp)
+ (woiX)Ro(Q()i)ueoi(aoi) + Ro(‘]oi)oéoi(aoh api) = 0.
(22)

Here, wji = i1, wfi2, 9317 and i = [w,1, we2, wo3]! are
the angular velocity of the {Oy} and {O,}, respectively.

Combining (21), (19), and (22), the pure rolling contact
constraints using the coordinates g5 and ¢g,; can be repre-
sented in a matrix form as

[A Ao [.qﬁ,] =0, (23)
qoi

DygJg 032
0354 Rp(3"Cpi/dap)
Epdgi Rp(3"en/datp)

where A = and A,;, =
D,, 03%2 ,

036 —Ro(9°Coi/00te) | Here, Dy i= 133 —(RGCix)].
E,; Ra(ageoi/aaoi)

By i= 033 ~Rhepx)], Doi = [~ (RGCoix)], and

Eoi == [03x3 —(R%¢,ix)]. Jgi is the Jacobian matrix mapping
of the i finger motion from the joint to the fingertip.

When the i finger in pure rolling contact with the object,
there will be two holonomic constraints in (18) and (20) and
one non-holonomic constraint in (19). Due to the surface
mapping function ﬁCﬁ-(~) and °C,;(-), the contact positions
in R? can be expressed by af and oy; in R?, which means
(18) will limit two degrees of freedom with three equations.
Similarly, the unit normal vector in R can be calculated with
two parameters, and (21) will only reduce two degrees of
freedom of the kinematics. Hence, there will be two degrees
of freedom for the relative motion when the i finger is in
pure rolling contact with the object.

IV. GRASP PLANNING FOR THE DEXTEROUS ROBOTIC
HAND

During the manipulation process, the target object will be
driven to its desired trajectory by the robotic hand. If the
trajectory of the object is not smooth, it may result in
the discontinuous velocity of the object and the failed
dynamic manipulation. Consequently, it becomes imperative
to develop a stable grasp planning strategy to ensure a
continuous and smooth trajectory for the object. This,
in turn, serves as a prerequisite for the subsequent dynamic
manipulation control.

To ensure the moving trajectory is continuous and smooth,
the force relationship between fingertips and the object needs
to be analyzed first. Let f;; € R3 and n, € R3 to be the
force and torque act on the contact point C; in the primary
coordinate frame. f, € R3 and n, € R? are the force and
torque in the mass center of the target object in the primary
coordinate frame. Then, the force relationship between the
three-fingered robotic hand and the object shown in Fig. 3
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FIGURE 3. The force relationship between the three-fingered robotic
hand and the object.

can be formulated as

3 3
— |V | = BLys 033 || fei . .
foi= I:no] - Z |:RZC0iX Ly || nei| ; WociFci.

i=1

(24)

According to the pure rolling contact model at the contact
point C; showed in Fig. 3, the friction cones is given by

FCi = [fi = (. fo. fa ) 1 \f3 + 13 < ufa,
fis = 0, fisl < 7fia]. (25)

where © and y are the static friction coefficient and the
torsional friction coefficient, which are both always greater
than zero, and f; is the force expressed in the fixed frame {O¢;}
at the contact point C;. The relationship between the f; and F;
can be given by

Fli= |:Rci R :| [13x3 O3X1]ﬁ —: H.f., (26)

03x3  2pi

where z;; = [0,0,1]7 and R, € R3*3 is the rotation
matrix of the frame {Oc;} relative to the primary frame {Op}.
Substituting (26) into (24) yields

3 3
Fo = WoiHeifi =0 Y Gcfi (27)
i=1

i=1

where G¢, € R®** is a mapping of the object motion from
the surface to the mass center of the object.

According to the constraints analyzed in (19), the velocities
of contact points in the object and the fingertip surface will
equal each other. Hence, this relationship can be displayed
under the coordinate frame {Oc;} as

() e
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Differentiating (16) and (17), there will be

Pf ci —
@fi B

| b
|:I3X3 ~(RiCix) Rﬁ(aﬂcﬁ/aaﬂ)} o

03x3 B33 03x2 d;
T Pﬁ
=: chi fi |, (29)
o
and
I 0 o PO
Poc,- _ JEPE) _(R()Coix) R,(d Coi/aaoi) w
Wo,; 03x3  I3x3 032 ao‘
ol
P,
= WL | o |. (30)
Qi
Substituting (29) and (30) into (28) yields
; Je1 gr hry Aol
P .
Gg[ 0:| = Jeo qr2 | — hr) Qo2
w, :
Je3 | | 913 hrs | | a3
=:Jegr — Hyat,, (3D
T 0 X X
where hr; = [RCiRO(a Coi/ 90t0i) R¥™2 J., =
O1><2

S S Jg 0
HIWETs < R 3 = | 0o
Gy, Gey, G, -

Assumption 3: Equation (31) is consistent: for any Gg and
(Jeqr — Hya,), there exists at least one solution [PZ, w({]T
to (31).

Remark 1: According to Assumption 3, there will be

€ R8%6, and Ge =

GL(GLY Ueqr — Hyap) = JeGp — Hrap.  (32)

Suppose the Assumption 3 is satisfied, the velocity of the
object can be given by

[PT, 1T = (GEY (Jegr — Hrao) + (I — (GEYTGEn.
(33)

where any vector 77 € R®. This vector will not be influenced
by the joint velocity of the hand robot, which means it is a
parameter that can not be controlled by the input torques.

Assumption 4: For the grasp matrix G¢, there will be
Rank(G¢)=6.

Remark 2: When the grasp matrix G¢ has full row rank,
Gg will be a column non-singular matrix. According to
lemma 2, there will be (GL)™ = (GcGL)™'Ge, so that
(I — (GL)YTGL) nin (33) can be solved.

Theorem 2: If the hand robot manipulates an object under
the pure rolling contact and subjects to Assumptions 3-4, the
trajectory of the target object will be smooth and continuous.

Proof of Theorem 2: When the hand robot manipulation
system subject to Assumption 3-4, the target object’s
velocity can be expressed as (33) and there will be

VOLUME 12, 2024



S. Zhao et al.: Integrating Contact, Modeling, and Control for the Robotic Hand Manipulation

IEEE Access

(GLT = (GcGL)™'Ge leading to (I — (GL)TGL) = 0.
Hence, the velocity of the object can be rewritten as

[PT, oI 1" = (GEYYUeqr — Hyao). (34)

According to the definition of a smooth curve: when a curve
with a continuously turning tangent, which means it has
a continuous first derivative on an interval, this curve will
be smooth on this interval. Therefore, as long as (34) is
satisfied, the trajectory of the object will have a continuous
first derivative on an interval, and this trajectory will be
smooth.

Remark 3: The necessary condition for stable grasp plan-
ning, as asserted by Theorem 2, serves as a foundational
prerequisite for the dynamic manipulation. Any grasp plan-
ning associated with the specific grasp matrix G¢, meeting
the conditions (existence of a solution for Equation (31)
and full rank of G¢), guarantees the smooth and continuous
trajectory of the grasped object during the manipulation.

V. THE DYNAMIC MODELING OF THE DEXTEROUS
ROBOTIC HAND SUBJECT TO THE CONTACT
CONSTRAINTS
A. THE ANALYTICAL DYNAMIC MODEL OF THE
DEXTEROUS ROBOTIC HAND
Considering the robotic hand and the target object as an
unified system, the dynamic model of the system obtained
by the approach to multi-body system modeling introduced
in [32]. According to this hierarchical and decentralized
approach, the robotic hand manipulation system should be
partitioned into four subsystems, comprising three finger
subsystems and one object subsystem (considered as four
“unconstrained” subsystems). Then, build the dynamic
model of those “unconstrained” subsystems and formulate
the constrained forces due to the contact constraints by the
extended Udwadia-Kalaba equation.

Combining three finger subsystems and one object subsys-
tem together yields

M(q.1)q = Bty (1) + F(q. g, 1), 35)

where M=blkdiag[M;, My>, My3, M,] (My; (g, t) € RS*®
and M, € R'>¥!2 are the singular inertial matrix of
the the i finger subsystem and the object subsystem,
respectively), B = [lisx1s; O12x18], 77 = [thl,thz, rfT3]T
(tr = [T, 2, i3, Tis, 0, O]T is the control torques applied
by the joint motors), § = [éjfl,éfz,ijfT3,ij]T (qo =
(X0, Yo Z0» Do Oos Yo, dot, Ao, d3]” is the re-selected coor-
dinate of the object), and F = [Fle,Fsz,ng,FoT]T
(Ffi(qp, gfint) € R® and F, € R' contain the
centrifugal/Coriolis force and the gravity force of the four
subsystems).

The second form of the pure rolling contact constraints (23)
between the i fingertip and the object can be expressed as
follows:

Afilgs + Aviloi = —AGp + AviGoi =: bp.  (36)

VOLUME 12, 2024

Hence, the pure rolling contact constraints that the dexterous
robotic hand manipulation system subject can be presented as

Arg = by, (37
Ar1 -+ Ogxe Aopi
where Ay = CA 2 : App2 and by =
Ogxe -+ Arz Aop3
bfl Dy 032 03%4

bga |. Here, Appt = | 03x6 —Ro(3°Co1/901) 03x4 |,

b3 Eo1 Ro(3%01/3001) 0O3x4
D, 03x2 03%2 03x2
Aoy = | 03x6 03x2 —Ry(3°Co2/0a02) 03x2 |, and Agpz =

Epn 03x2 Rp(0%€02/00t52) 03x2

Do3 03x4 032

03x6 03x4 —R,(3°Co3/0003) |-

Ey3 O3x4 Rp(3%03/0003)

Since the inertia matrix M of the system is singular,
suppose the Assumptions 1-2 are satisfied, the dynamic
model of the robotic hand manipulation system under pure
rolling contact constraints can be established by Theorem 1
as

Ag by

+
— 1 [(1 — A AZ(F + B’f)] . (38)

_ [(1 — A,jAk)M] [(1 — AT A + Bzf)]

According to lemma 2, M™ can be rewritten as

A —_— + T
M =[MU - AFAOM + AL A [(1 /}kA")M } .
(39

Substituting (39) in (38), the constrained force of the
dexterous robotic hand manipulation system yields

F(q.4.1) = MIMU — AfAOM + AL Al ™!
[M(I — A AQ)(F + Bty) + Af b
— (F + Byy). (40)

This constraint forces introduced in (40) is the pure rolling
contact forces in the joint space, which is used to control
the target object in the work space. To enhance the dynamic
performance of the dexterous robotic hand manipulation
system, it is essential to express the constrained forces,
as stated in (40), within the workspace.

B. THE FINGERTIP CONTACT FORCES MODEL OF THE
DEXTEROUS ROBOTIC HAND IN THE WORK SPACE

To determine the contact forces at the fingertip within
the workspace, the dynamic model of the robotic hand
manipulation system should be transformed into the work
space at first. Set the position vector of the contact point C; is
[%(,» ¥f.i» 77 ]7 and reselect a set of independent coordinates
xi = Xt Vs 2> Meis M2cis AT as the coordinates of
the i finger subsystem. Here, Ais, Aoei, and A3, are the
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function of gy;. Then, the relationship between gy; and gy; can
be expressed as

axfc[/BQﬁ' axfa‘/at
9yy.:/9qpi dyf.;/ 0t
.| 9z,/9qp | . | 9z,;/0t
i = Or1ci/0qfi o+ OA1ci/0t
r2ci/ 0qfi O2ci/ 0t
OA3ci/9qfi OA3ci/ 0t

=: Ti(gs, )qp + ki(qpi, 1), 41)

where 7; € R®%¢ and k; € R°.

Assumption 5: Forany (gy, t) € ROXR, Tl._1 (g5, H(i=1,2,3)
exists.

Remark 4: According to (18), the position vector of the
contact point C; can be calculated by gs1, g2, gfi3, qfia, and
ay. Hence, if A1, A2ci, and A3 selected from those variables
mentioned above, g,; will be a set of independent coordinates
as Alci, A2ei, and A3 be the function of gy.

If the hand robot manipulation system subjects to Assump-
tion 5, according to (41), g5 can be presented as

g = T (G — ko). (42)

According to the definition of the virtual displacement
introduced in Reference [29], there will be

8q = T, 8qxi, 43)

where 8q; and gy are virtual displacements. Take the
derivative of (42), g,; can be given by

Gui = Tigp + Tidgs + k. (44)
By (44), Gf; can be formulated as
Gp =T G — TN (Tigs + ko), (45)

The joint space dynamic model for the i finger subsystem,
employs Lagrange’s formulation of d’Alembert’s principle,
which asserts that the cumulative virtual work performed
by the constraint force equals zero. Hence, the Fundamental
Equation of i finger subsystem will take the form of

8q5 (Mpgn — F — 1) = 0. (46)
Substituting (42), (43), and (45) in (46) yields
56])€T,~_T I:MfiTi_l(b].xi - TiTi_l(ilxi — ki) — ki) — Fy — fﬁ]
=0. 47)
Let My := T, "MaT; Y, Fy = T, T MT, 1T (G —

ki) + kil + T[_TF_ iand T, 1= T‘_Trﬂ. According to (47), the

]
dynamic model of the i “unconstrained” finger subsystem

can be rewritten as
Mxiéxi = in + Ty (48)

The dynamic model of the “unconstrained” target object
in the workspace is still to be M,g, = F,. Then, the
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dynamic model of the ‘“unconstrained” dexterous robotic
hand manipulation system can be established as

Mxi]')c =Fy + 14, (49)

where M, =blkdiag(My1, Myx2, My3, My), G = [q;l ) LI};??: qz;g )
g, Fe =[FL,FL, FL FIT and 7, = 1]}, 1], 1,
O1x12]”.

Comparing (49) with the dynamic model (35) in the joint
space, there will be

M=T"M.T, (50)

where T:=blkdiag(T1, 1>, T3, l12x12) € R30%30, Suppose the
Assumption 5 is satisfied, 7! will exist and there will be

F4+By =T'F—T"TM, 7T~ (4 — k)
—T"Mk + Tz, (51)
where k:=[k], k1, kT, 01><12]T~

Set the pure rolling contact constraints between the i
finger and object in the work space can be rewritten as

Axiqxi + Aoioi + ¢xi = 0. (52)
Taking the derivative of (52) yields
Aviixi + Aoioi = —AxiGxi — AoiGoi — Exi = bi.  (53)
Plugging (42) and (44) into (53) will obtain
ATil + Aoidoi = bai — AdlTiT; (@i — ki) + kil (54)

Compare (54) with the contact constraints (36), there will be
Aji = AyTiand by = bxi—AxiLT,-Ti_l(é]xi — ki) + k; |. Hence,
the contact constraints suffered by the dexterous robotic hand
manipulation system in the work space can be given by

AXZI-x = bx, (55)
Ax1 -+ Ogxe Aopl

where A, = A : Aopo and b, =
Ogx6 -+ Ax3 Aob3

(b, bT,, b 17 . Besides, Ay, by, Ay, and b, will satisfied the

x1°
follow relationships:

[Ak =A,T,

N . (56)
be = by — A TT " (Gy — k) — Ask.

Suppose the dexterous robotic hand manipulation system
subject to Assumptions 1-2 in the work space, according to
Theorem 1, the acceleration coordinates ¢, of the system
under pure rolling contact constraints (55) can be formulated
as

. —ATAOM T [ — AFADF, + 1,
qx:|:(l Xx )M} [(1 N bi(F +r)] 57)

According to (57), the fingertip contact forces in the work
space can be presented as
P =, [(1 —A;AX)MX}+ [(1 — ATAO(Fx + rx)]

X

Ay by
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— (Fx + 7). (58)

Assumption 6: For any (q,t) € ROXR, (TTT =)~ exists.

Theorem 3: if the dexterous robotic hand manipulation
system (49), which is under the contact constraints (55),
is subject to Assumptions 1-2 and 5-6, the contact forces
F{ e R in the work space can be computed based on the
constrained forces F¢ € R in the joint space as

FE=ar’ - 'a+par’ -nr="rFe, (59

where P := (TTT — )M [M(I A A )M +AT A, 17 M, (I -
AfAy).

Proof of Theorem 3: When the Assumption 1 is satisfied,
the constrained forces F¢ of the hand robot manipulation
system can be deduced as (40) by lemma 2. Besides, if M

has full column rank, will also be full column matrix

M
A
according to lemma 1. Under Assumption 5, there will be
Ay = AxT~ ! and My, = T-TMT ! based on (56). Then,

M, .
can be rewritten as
Ay

M| _ [rt7Tmr-] [1°T M.y
A P B A [ R

M, will have full
Ay

_ At
a A/’{ AMx will be a full
X
column matrix according to lemma 1. Using lemma 2, (58)
can be simplified as

If [Xﬂ is column non-singular, [

column rank. Therefore,

FS =M [M,(I —AfAOM, +ATA, 17!
[My (I = AFAL) (Fx + 1) + AL bl — (Fy + 7).
(61)

Plugging (50), (51), and (56) into (40) yields

FC=TTM M, T(I — (A T)TAT)T"M, +ATA 7!
M, T(I — (A T) AT (Fy + 1) + Al by ]
—TT(Fy + 10). (62)

Using lemma 3, (A, 7)™ in (62) can be rewritten as
AT =T% (AFATTY) T A} (63)

Since T~ exists according to Assumption 5, there will be
T+ = T~ and (63) can be simplified based on lemma 4 as

AT =171t (64)

Substitute (64) in (61), the constrained forces F¢ can be
calculated as

~1
Fe=1TM, [Mx(l — AYANTTT M, +A§Ax]
[Mx(l — ATAOTTT (Fy + 1) + Afbx]

~TT (Fy+ ). (65)
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In order to simplify (65), [My(I — AFA)TTT M, +ATA, 17!
should be dealt first. It can be rewritten as

[MX(I — AFANTT M, + AJ{AX]_l

= [Met = A AT — DM,
M0 — AFADM, + A,{Ax]]_1 . (66)
Let D = M, (I —AfA) M + ATA, and D! exists, U =
M. (I —A}A,), O = (TTT — 1), and V = M,. If the system

subjects to Assumption 6, O~ will exist. Using lemma 5, the
right part of (66) can be conducted as

r -1

M (I — ATAYTTT — DM+ My (I — AT A )M, + A,{Ax]
—1

_ [MX(I — ATAOM, + A){Ax] —

- -1
My — ATAOM, +A§Ax] My — ATA )X

_ —1
[+ (TTT=DM M (I —ATAOMAATA M, (1 —Aij)]

—1
(TTT =DM, [MX (I —ATAOM, +A§Ax] . (67)

According to (13), [1 F(TTT — DM [M(I — ATAOM, +

—1 -
ATA 7'M (I — AFA,)|  exists, which means (I + P)~!
exists. Substitute (67) in (65) and use lemma 6 to get

Fe=TTF¢ — 171" — 1)~'PU + P)"'(1T" — D)F¢
=7rar’ —p~! [1 —PU +P)‘1] (Tt — DF¢
=77ar” —n~'a + Py aTT — )FE. (68)

Since 7=, (ITT —1)~!, and (I + P)~!

exist, |T7(ITT =170 + By aTT — 1)
Hence, the contact forces in the work space can be presented
as F¢ = (TTT — 1)~'( + PY(TTT — )T~ TF¢,

Remark 5: Theorem 3 introduces the relationship between
the pure rolling contact forces Fy in the work space and the
constrained forces F¢ in the joint space. According to (59),
it can be seen that the fingertips contact forces F{ are only
dependent on the generalized variables ¢ and ¢g. Compared
with traditional manipulation control methods that measure
the contact forces by the force sensors, Theorem 3 provides
a new approach for the dexterous robotic hand manipulation
system to formulate the fingertip contact forces, which offers
the potential to develop dynamic manipulation control system
without the necessity of using force information.

will exist.

VI. THE DYNAMIC MANIPULATION CONTROL DESIGN OF
THE DEXTEROUS ROBOTIC HAND

To manipulate the target object tracking the desired trajectory,
the dynamic control designed based on the contact forces
needs to provide the appropriate finger joint driving torques.
Before the control design, the dynamics modeling (38) of the
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dexterous robotic hand manipulation system using lemma 2
can be decoupled as

T -1 T
= [M(I —AFAOM+A] Ak] [M(I —AFAOF +AT bk]—i-
—1
[M(I —AFAOM +A,{Ak] M(I — A} Ap)Byy. (69)

A. CONTROL DESIGN FOR DYNAMIC MANIPULATION

Suppose the desired trajectory of the object to be qg =
[xff , yg, z‘ol] € R3, the desired velocity and acceleration to be
¢4 and §¢. Then, the error between the actual position of the

object and the desired trajectory qz can be presented as
(o> 4os 1) = 4o — 4 (70)

To track the desired trajectory with the intended velocity,
the servo constraints can be formulated as

e(qos 4o, 1) + Ke(qo, 1) = 0, (71)
where the constant matrix K = diag[ki]3x3, ki > 0, k; =
Amin(K) (i =1, -+, 3). Here, Anin(+) stands for the minimum

eigenvalue of the designated matrix.
Differentiating the servo constraints (71) with respect to ¢
yields

€(go, 4o, 1) + Ke(qo, go, t) = 0. (72)
Equation (72) can be represented in the form of matrix as
A.YE]. = bs(q’ Q» t)v (73)

where Ag = [0318. I3x3. 03x0] and by = G4 — K(Go — §2).
Assumption 7: Equation (73) is consistent: for any As(q, t)
and by(q, g, 1), there exists at least one solution ¢ to (73).
Remark 6: According to Assumption 7, there will be
A A by = by.
According to the dynamic model of the dexterous robotic
hand manipulation system (69) and the servo constraints (73),
there can be

A @1 = b, (74)

where ® = [M(I — AFAM + Al A 17'M(I — A;f Ap)B and
b= by — AIMUI — AFAOM + AT A [M(I — A AQF +
A,{bk]. Equation (74) can be consider as a constraint for the
control torques tr.

Assumption 8: Equation (74) is consistent: for any
Ay(g, 1), ®(g,t) and b(q, g, 1), there exists at least one
solution 77 to (74).

Remark 7: According to Assumption 8, there will be
A;PAD)TD = b.

Theorem 4: Subject to Assumptions 7-8, the dynamic
model of the mechanical system (69) is servo constraints
controllable for the constraints (73) if and only if

Rank[As(q, )®(q. g, )] = 1, (75)

for any (q,4,1) € R x R* x R. Furthermore, for all
(q,9,1) € R39 x R3O x R, the constraint-following control
7y can be presented as

1 = (A;@)Th + [ — (A,@)TA,@] S, (76)

where S € R* is an arbitrary vector.
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Proof of Theorem 4: (Sufficiency) Suppose Rank[A;(q, t)
®(q,¢,1)] > 1, which means [A(q, )P (q, g, )]t exists
according to [29] and the control (76) is meaningful. Using
the constraint-following control 7y in system (69) and
multiplying both sides of (69) by A, result in

T —1
Agj = A, [M(I —AFAOM + AkAk]
[ - afA0F + a5 + 4,05
= by — b + AP [(A.sq))+l_7 + - (Asq))+Asq)]S]
=by—b+A;PAD)TH+[A; P — A, PAD)TAP] S

=0 =0
= by. )

(Necessity) Suppose that Rank[A(q, 1)D(g, ¢, )] = 0 for
some (g, g, t), which means A4(q, t)®(q, ¢, t) = 0 for some
(g, g, t). Pre-multiplying both sides of (69) by Aj, since
A;® = 0 for some (g, g, t), there will be

—1
A = A [MU = AFAOM +ATA]

[M(I — ATADF + A,{bk]

=bs—b. (78)

It can be seen that (78) is not equal to the servo
constraints (73). Hence, Rank[A(q, 1)®(q, ¢, )] > 1 should
be satisfied for all (¢, ¢, 1) € R3 x R3® x R.

Remark 8: The dexterous robotic hand manipulation sys-
tem is considered a typical under-drive system because it
has fewer finger joint driving torques than the number of
coordinates chosen to describe its motion. Based on the
constraint-following control method, paper [33] introduced a
control designing method for such an under-drive system with
a non-singular inertia matrix. However, the inertia matrix
M of the dexterous robotic hand manipulation system under
pure rolling contact constraints is singular, which means the
inverse of M cannot be solved. Compared with the controller
proposed in paper [33], the constraint-following control (76)
introduced in Theorem 2 can accomplish the manipulation
tasks even when the inertia matrix of the system does not have
a full rank.

Assumption 9: For a given constant matrix P € R8P~
0, there exists a constant A > 0 such that

Amin(PAs(q, D®(q, ¢, )(As(g, DP(q, ¢, ) PT) > x. (79)

Remark 9: According to Assumption 9, the minimum
eigenvalue of the matrix (PA(q, H)®(q, g, 1)(As(g, 1)P(q, q,
)T PT) needs to be large than 0, which implies that the
matrix (PAs(g, )®(q, g, 1)(As(g, HP(q, g, )T PT) will be
symmetrically positively definite for any (¢, ¢,¢) € R x
R x R.

Set the servo constraints error of the dexterous robotic
hand manipulation system as v(¢) := e(q,, §o, t) + Ke(qo, t).
Based on the Theorem 2, the dynamics manipulation control
of the system which is suffered by the pure rolling contact
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constraints is proposed as

7 (1) = p1(q, q. 1) + p2(q, 4, 1), (80)
with

p1(q, 4, 1) = [As(q, HP(q, ¢, DT b(g, ¢, 1), (81)
P2, 4, 1) = —y [As(q, DP(q, ¢, O]T PTv@r),  (82)

where the constant y > 0.

B. STABILITY ANALYSIS OF DESIGNED CONTROL
STRATEGY
Choose the Lyapunov function as

Vv) = vl Py, (33)

where the constant matrix P > 0. Then, there will be V >
vl

Since V(0,¢) = 0 and V(v,t) > 0 when v # O, the
function V in (83) is said to be decrescent.

Taking the derivative of (83) yields

vV =2TPb = 20T P(A§ — by). (84)
With the proposed control design (80), (Asg — by) in (84)
can rewritten according to Assumption 8 as
Aszl. - bs
= A;®(A;@)Th — b —yA,D(AD) Py
—_———
=0
= —yA;DAP) P . (85)
Substitute (85) in (76) to get
V = —2yvT PA; @A) PTv. (86)
According to Assumption 9, (86) can be rewritten as
V < =2yaTv = =2y (87)

Since y > 0, A > 0, V(v, t) = 0 only when v = 0, and
V(v, 1) < 0 with Vv # 0, the constraint-following error v(t)
is uniformly stable.

Suppose there exists a constant § > 0 for |[v(¢1) —v(r2)|| <
8, the following equation based on (87) will be satisfied:

Vi — Vo < 2y a(ve)l* — v
=2y A([Iv(t2) — v()IlV(E2) + v(EDI])
< 2yA8|Iv(r2) + v(1)]. (88)

According to the definition of uniformly stable: ||v(¢)|| < k
for any ¢ > f9, (88) can be rewritten as

V] — Vz < 2y Ad||v(t2) +v(t)l| < 4)’)‘8]2- (89)

Hence, the function V(v, t) will be uniformly continuous at
time t. Besides, since V(v,t) > 0 is lower unbounded and
V(v, t) < 0 1is negative semi-definite, there will be V(v, 1) =
—2yA||v||> = 0as t — oo according to the Lyapunov-Like
lemma discussed in [34], which means lim;_, ,ov(t) = 0.

VOLUME 12, 2024

TABLE 1. The Properties of the dexterous robotic hand manipulation
system.

Symbol | Means Data Unit
m1 the proximal phalanx’s mass 0.06 kg
mo the middle phalanx’s mass 0.033 kg
m3 the distal phalanx’s mass 0.018 kg
Mo the target object’s mass 0.053 kg

1 the fingertip’s radius 10 mm
T2 the target object’s radius 30 mm

l the phalanx’s length 40 mm

g gravitational acceleration 9800 mm/s2

TABLE 2. The simulation parameters of the dexterous robotic hand
manipulation system.

Symbol | Data Unit
qr1 [-1.513689; 1.439038; 0.346388; -2.039030; | rad
0.066831; 1.792217]
qf2 [2.5408120; 1.621548; -0.158905; -1.695082; - | rad
0.0347450; 1.705898]
q53 [0.601601;  1.919066;
0.082720; 1.647304]

9o [1.632884; 4.672300; 69.422381; -0.041982;| mm or

-0.806517; -1.204788; | rad

1.535519; -0.032036; -0.020233; 1.645094; | rad
1.034046; -1.659032; -1.018308; -1.618006]
qr1 [0.089534; -1.089919; 2.439512; -1.386070; | rad/s

0.052346; 0.059651]
Gr2 [-0.226253; -0.567053; 0.950041; -0.908325; - |rad/s
0.185272; 0.368132]

Gr3 [0.106493; 0.247942;
0.017312; 0.104417]

do [4.082141; 10.429187; -0.777873; -0.043177; | mm/s
-0.011827; 0.019302; -0.016664; 0.020479; - |orrad/s
0.071678; -0.229078; 0.017312; 0.104417]

-0.737890;  0.691595; | rad/s

Remark 10: Consider the dexterous robotic hand manip-
ulation system (69), which is under pure rolling con-
tact constraints, subjects to Assumptions 7-9. Under the
constraint-following control (80), the following performance
of the target object trajectory tracking error v(f) =
e(qo, g0, t) + Ke(q,, t) is guaranteed: (7 is the initial time)

(1) Uniformly stability: for any k > 0 (k is a constant) and
[[v(70)]| < k, there will be |[v(1)]| < k as ¢ > to.

(2) Converge to zero: for any ¢t > fg, lim;_, , V(¢) = 0.

The design dynamic control (80) of the dexterous robotic
hand manipulation system includes two portions: The
feed-forward portion (81), which is formulated by the contact
forces model, and the feedback portion (82) that can eliminate
the initial constraint-following error. With the introduced
control method, the robotic hand can achieve precise tracking
of the target object’s trajectory without relying on the
feedback information from force sensors for contact force.

The architecture of dynamic modeling and control strategy
for the hand-object manipulation system is presented in
Appendix B.

VII. SIMULATION AND DISCUSSION

A. SIMULATION SETUP

To verify the dynamic modeling and control design of the
dexterous robotic hand, the three-fingered dexterous robotic
hand manipulating a target, depicted in Fig. 1, is simulated
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FIGURE 4. The consistency verification.

in MATLAB. The dynamics model and the controller are
numerically solved by the ordinary differential equation
solver ode45 which is a general Runge-Kutta method solver.

The robotic hand comprises three identical fingers which
physical properties are listed in Table 2. Additionally, Table 3
illustrates the initial conditions of the three fingers and the
target in the simulation. Set the desired trajectory as qff =
2,6, 40«/§]T and the control parameters as y = 10 and
K=diag(8,8,8).

Moreover, a comparative experiment is conducted by the
control strategy introduced in [35], in which a task-oriented
manipulation control is designed as

= Lii[As (¢.1) @ (. 4. D" [k2¢ (qo: o 1) + € (do- o 1))

T
+ LelAs (g.0) @ (@401 [y, 2] 90)
Here, Ly = —20, kb, = 15, and L, = 2 are control
parameters.

B. RESULTS AND DISCUSSION

The simulation results of the dexterous robotic hand
manipulation system are demonstrated in Fig. 4-Fig. 23.
Furthermore, simulation results Fig. 4-Fig. 6 are intended
to verify the assumptions proposed during early stage
the dynamic modeling and control design (section VI-
VII). Fig. 7 and Fig. 8 represent the manipulation control
performance of the proposed control strategy (80) and state
feedback control strategy (90).

With Assumptions 2-3 and 7-8, equations (5), (31), (73),
and (74) must remain consistent to ensure the existence
of solutj_ons. This implies MM*‘S = & where & =
|:(I Al AZ((F + B‘L’f)j, GE(G€)+(chf' — Hyop) = oGy —
H,a,), AATbs = by, and A, @A @) b = b.

According to Fig. 4, it is evident that the orders of
magnitude for |[MM*& — &||, |IGE(GEY Y (Jegr — Hya,) —
Jeqr — Hyoo)ll, IAAT by — byl|, and [|A;®(A;®)*b — b|
are at 1078 during the simulation time interval, indicating the
fulfillment of Assumptions 2-3 and 7-8.
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FIGURE 7. The trajectory of the object.

Fig. 5 demonstrates that the matrix M has a rank of 30,
confirming the Assumption 1. Additionally, as outlined in
Theorem 4, the matrix A;® should have a rank greater than 1,
which is also confirmed in Fig. 5 during the simulation
interval. Furthermore, the matrix G, achieves a rank of 6,
satisfying the Assumption 4. According to Theorem 2, the
proposed grasp planning method ensures a trajectory for the
target object that remains smooth and continuous.

Fig. 6 indicates that the minimum eigenvalue of the matrix
(PA;®(A;®)T PT) remains greater than 0, which means the
Assumption 9 is satisfied during the simulation period.
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FIGURE 10. Euler angular velocity of the object.

Hence, with the design control (80), the dexterous
robotic hand manipulation system under pure rolling contact
constraints is always subjects to those Assumptions that
needed for the dynamics modeling and control design.

After verifying these assumptions, the manipulation per-
formance of the control (80) and (90) is illustrated in
Fig. 7 and Fig. 8. In Fig. 7, the trajectory of the target
object under the proposed control strategy is represented by
the blue line, while the trajectory under the task-oriented
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FIGURE 13. The control input of finger 3.

manipulation control strategy is depicted by the yellow line.
The green point marks the initial position of the object’s
center of mass, and the red one marks its desired position.
Let e = [ey, ey, e:]” and e = [e, e, et]” represent
the tracking errors under the proposed control strategy (80)
and task-oriented manipulation control strategy (90). Fig. 8
illustrates the trajectory tracking error between the object’s
center of mass’s current and intended positions. The tracking
error e under the proposed control strategy (80) significantly
diminishes, approaching zero after 2 seconds. In contrast, the
tracking error ¢’ under the task-oriented manipulation control
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FIGURE 16. The angular displacement of finger 3.

strategy (90) exhibits a steady-state error of 0.04mm in the
y-direction.

The manipulation task requires a high level of control
precision, particularly in accurate positioning and handling.
In this context, the proposed control strategy (80) stands
out as the superior choice compared to the (90). Despite
requiring a longer execution time, the extended duration
facilitates refinement and precision correction, ensuring
precise control throughout the manipulation task. While the
task-oriented manipulation control strategy (90) achieves a
relatively shorter completion time, the presence of a 0.04mm
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FIGURE 19. The angular velocity of finger 3.

steady-state error may limit its applicability, particularly in
tasks where minimizing deviation is critical. Hence, for tasks
requiring high precision, the proposed control strategy (80)
demonstrates superior operational efficacy compared to (90).

The detailed simulation results under the proposed control
strategy (80) are represented in Fig. 9-Fig. 23. The transla-
tional and angular velocity of the object displayed in Fig. 9
and Fig. 10. The control torques 771, 7r2, and 773 applied
on the finger joints are shown in Fig. 11-Fig. 13, where
77 = [Tf1, T2, T3, TH4](i=1,2,3). The torque applied to each
finger is limited to a maximum of 8 N - m, making it suitable
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for the current actuator. Under those driving joint torques,
the angular displacements and the angular velocities of finger
joints are given in Fig. 14- Fig. 19, which are continuous and
convergent. For the contact points on the surface of the object,
the angular displacement and velocity of local parameters
o,i(i=1,2,3) are shown in Fig. 20- Fig. 21. There is a small
displacement of each contact point related to the surface of
the object with a low velocity, which close to 0 in 3s.
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According to Theorem 3, the fingertip contact forces F7;
of the i finger can be calculated and represented by two
components as {Fj;, F, ,-,,}T in the work space. The simulation
results of F{; are given in Fig. 22- Fig. 24. Besides, the ratio
of tangential and normal components of F; shown in Fig. 25
are all less than 1.2, which means those contact forces could
be applicable when the coefficient of the friction that the
material of the fingertips is larger than 1.2.
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TABLE 3. The terminology nomenclature.

Symbol Definition Unit

{OB} primary coordinate frame of the three-fingered robotic hand -

{OB:} i*" finger’s primary coordinate frame -

{0sj-1)} 4" joint coordinate frame of i finger -

{Oy¢;} fixed coordinate frame in the mass center of the i*" fingertip -

{Oo} object coordinate frame located at its mass center -

C; ith contact-point -

{Oc¢i} fixed coordinate frame at the contact point C; -

af; € R? " fingertip surface local parameters of i*" contact-point -

ao; € R? object surface local parameters of 4” contact-point -

qfi € RS generalized coordinates of the i*" finger @fi = [afiy+9fin> fisr Afia> afi}T) rad

doi € R® generalized coordinates of the target object regarding the 4" contact point (qo; = | mmorrad
[-T(u Yo, Zos Po, 00, %o, Oéoi]T)

finZ-(-) : R? — R® | mapping from fingertip surface to {0y} -

°Coi(-) : R2 — R® | mapping from fingertip surface to {Op} -

Py, € R3 ith fingertip’s surface contact-point represented in the primary coordinate frame {Op} -

P, € R3 it" object surface contact-point represented in the primary coordinate frame {O g} -

Py; € R3 position vector of the i*" fingertip’s mass center mm

P, € R? position vector of the target object’s mass center mm

Ry; € R?*3 rotation matrix of {O ; } relative to the primary coordinate frame {Op} -

R, € R3*3 rotation matrix of {O, } relative to the primary coordinate frame {Op } -

Jpi € R6*4 it" finger’s Jacobian matrix mapping from the joint to the fingertip -

Re; € R®%3 rotation matrix of {O¢; } relative to the primary coordinate frame {Op } -

FC; friction cone at contact-point C'; -

G € R6*12 grasp matrix -

My; € R6x6 the singular inertial matrix of the i*" finger subsystem kg-mm? or kg

Fy; € RS the external force includes the centrifugal/Coriolis force and the gravity force of the i*" finger subsystem N -mor N

T € RS the control torques applied by the ith finger’s joint motors (75; = [Ti1, Ti2, Ti3, Ti, 0, O]T) N-m

M, € R12*x12 the singular inertial matrix of the target object kg-mm?2orkg

F, € R'? the external force includes the centrifugal/Coriolis force and the gravity force of the target object N -mor N

go € R*? re-selected generalized coordinates of the target object (g0 = [Zo, Yo, 2o, Do, 0o, Yo, Aol , Xo2, aog]T) (a | mm orrad
compact version of g,; used in Section VI)

M € R30%30 the inertial matrix of the hand-object manipulation system (M =blkdiag[M ¢y, Mo, Mgz, Mo]) kg-mm? or kg

T ER 18 the control torques applied by the dexterous robotic hand’s joint motors (77 = [Tﬁ, Tios T};]T) N-m

F R the external forces of the hand-object manipulation system (F' = [F;;Fl, FJTQ, F;;’;), FIT) N -mor N

q €R?® the generalized coordinates of the hand-object manipulation system (¢ = [q?l, q};, qJT?’, a7 mm or rad

o € R? the 4t" fingertip contact force (fs; = [fit, fin]D) N

Considering the simulation results mentioned above, with
the control design in (80), the dexterous robotic hand
under the pure rolling contact constraints can accurately
manipulate the target object to track the desired trajectory.

VIil. CONCLUSION AND FUTURE WORK

A novel control framework is proposed for the dexterous
robotic hand in pure rolling contact with an object. The
dexterous robotic hand and the target object is considered
as an entire system for the following analysis. First, the
contact constraints under the pure rolling is formulated and
derived in the second order form. The freedom degrees of
the rolling contact between each finger and the target object
is two, which means the rolling contact could generate two
independent motions for the object. Second, by using the
second order contact constraints, the dynamics modeling of
the hand-object manipulation system is constructed by the
extended Udwadia-Kalaba equation without the singularity
guarantee of the inertia matrix and any auxiliary variables.
Based on the dynamic model, the paper derives the fingertip
contact forces model in the work space using only the
generalized coordinates of the hand-object system. Third,
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the manipulation task is treated as a constraint-following
problem. An integrated manipulation control strategy is
proposed in two portions. The contact forces model based
feed-forward portion is designed to drive the motion of
the target object in the desired trajectory without initial
deviation. The feedback control portion is formulated to
eliminate the initial error. To enhance the performance of the
manipulation control, the grasping planning of the robotic
hand is pre-designed to ensure the grasping stability in the
manipulation task. Finally, the proposed control strategy’s
effectiveness is substantiated through a rigorous theoretical
analysis. Moreover, a three-fingered robot hand is used to
demonstrate the feasibility of the proposed control method.

The proposed control design relies on the precise kinematic
and dynamic models of the hand manipulation system.
While, obtaining the accurate system models, including the
precise modeling parameters, is a significant challenge and
time-consuming in the practical applications. To enhance the
practicability of the proposed approach, the future work will
focus on improving the proposed control to adapt for the
simplified system, and be robust to the uncertainty raised by
the simplification of the system models.
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FIGURE 26. The architecture of dynamic modeling and control strategy.

APPENDIX A

THE TERMINOLOGY NOMENCLATURE

This section provides a comprehensive list of nomenclature
symbols, units utilized throughout the paper (Table 3).

APPENDIX B

ARCHITECTURE OF DYNAMIC MODELING AND CONTROL
STRATEGY

The architecture of dynamic modeling and control strategy is
shown in Fig. 26. As the control strategy depicted in Fig. 26,
the system’s input » € R3 is the desired position of target
object, the system’s outputy = g, = [xg, yg,zg] € R is
the actual target object’s position in the primary coordinate
frame {Op}. Hence, the servo constraints is formulated in
(72) or in matrix form (73). Combined with the decoupled
constrained contact force model, the servo constraint force
model is constructed in (74), which is the driven force for the
target object to follow the desired position r (qff ) and used
to design the feed-forward control p; in (81). Meanwhile, the
feedback control p; in (82) is designed to eliminate the initial
positional errors. Finally, the total control torque applied to
the manipulation system is given by 77 = p1 + p>.
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