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This paper presents a novel bio-inspired modular robotic arm that is purely evolved and developed
from a mechanical stem cell. Inspired by stem cell whilst different from the other robot “cell” or “molecule”,
a fundamental mechanical stem cell is proposed leading to the development of mechanical cells, bones and a
Sarrus-linkage-based muscle. Using the proposed bones and muscles, a bio-inspired modular-based ve-degrees-
of-freedom robotic arm is developed. Then, kinematics of the robotic arm is investigated which is associated with
an optimization-method-based numerical iterative algorithm leading to the inverse kinematic solutions through
solving the non-linear transcendental equations. Subsequently, numerical example of the proposed robotic arm
is provided with simulations illustrating the workspace and inverse kinematics of the arm. Further, a prototype
of the robotic arm is developed which is integrated with low-level control systems, and initial motion and ma-
nipulation tests are implemented. The results indicate that this novel robotic arm functions appropriately and has
the virtues of lower cost, larger workspace, and a simpler structure with more compact size.

spherical modules designed by Guckert and Naish (2009);

the three degree of freedom active module suitable for space
In the eld of robotics, researchers and engineers have éyper-redundant robot presented by Shammas et al. (2006)
dream of developing robotic arms with agile characteristicsand the bi-articular muscles developed by Yoshida et al.
like the human arm to perform dynamic tasks under compli-(2009); and through the construction of link modules and
cated and unconstructed environment. However, more thajoints modules, Acaccia et al. (2008) developed a modu-
sixty years passed since the rst robotic manipulator beinglar robotic system for generic industrial applications. How-
patented by George G. Devol in 1954 (see Siciliano andever, most of these modules proposed are serial and rigid,
Khatib, 2008), it is still too far to say that this dream has they can only change the position and attitude of the end-
come true. Nevertheless, new ideas and concepts have beeffector within the allowable range of the linkage member.
putting forward to explore the ways of developing more ef - The degrees of exibility of the structures of such serial rigid
cient, dexterous and feasible robotic arms. robotic arms are limited with simple functions such that they

In order to achieve desired exibility, manipulability and cannot adapt to the change of working environment and var-

recon gurability, one of the efforts is devoted to the devel- ious customer demands. To overcome the shortcoming of
opment of novel, high performance module-based roboticserial robotic arms, effort has also been made to develop
arms. These include, to mention but a few, the one degreeobotic arms based on parallel mechanism. Liu et al. (2006)
of freedom T-type and I-type modules proposed by Guanproposed a novel ve degree of freedom recon gurable hy-
et al. (2009); the three degrees of freedom tendon-integrated



brid robotic arm composed of a 2-DOF parallel mechanismventional serial robotic arms. According to the available lit-
and a 3-DOF serial kinematic chain. Jin and Gao (2002) studerature, although Sarrus linkage (Lee, 1996) has many appli-
ied a new 6-SPS parallel manipulator with an orthogonal con-cations in the eld of robotics, including the crawling robot
guration. Wurst and Peting (2002) presented PKM conceptby Ranjana et al. (2006), the road vehicle by Gavin and Luis
for designing modular-based recon gurable machine tools,(2010) and the micro six-legged segmented robot by Katie
and using slide module and swing module, Xi et al. (2006)and Robert (2011), there is no report on robotic arm that is
proposed recon gurable parallel robot consisting of two baseconstructed with Sarrus-linkage-based structures.
tripods. In this paper, a robotic arm evolved from a fundamental
In addition, bio-inspired robotic arms have also been de-mechanical stem cell is for the rst proposed, and its associ-
signed and developed. One of the earliest bio-inspired roboated kinematics, simulation, prototype and initial test results
is a new robotic system coined DRRS (Dynamically Recon-are presented.
gurable Robotic System) proposed by Fukufda and Naka-
gawa (1988). This robotic system consists of a number of
intelligent cells each of which has a fundamental mechan-
ical function. Each cell can detach or connect itself to the
other cells autonomously depending on a speci ed task, the
robot can then be of a manipulator or a mobile robot, theStem cells have the remarkable potential to be developed into
system also has the function of self-repair. In 1990, Fukudadifferent cell types during their life cycles, and under cer-
and Kawauchi (1990) further proposed a new kind of robotictain physiological or experimental conditions, they can be in-
system called CEBOT (The Cellular Robotic System), whichduced to become tissue- or organ-speci c cells with special
is a distributed robotic system consisting of recon gurable functions. Inspired by the evolution of stem cell, this paper
autonomous units called “cell’s, the robot can recon gure proposes the concept of mechanical stem cells that are imma-
itself to an optimal structure depending on the speci ed pur-ture and have the potentiality to evolve into various robotic
pose and environment. Further, Kotay and Rus (1999) promodules, such as bone, joint and muscle etc. A typical exam-
posed a robotic module called “Molecule” to build self- ple of such a conceptis illustrated in Fig. 1 where a mechani-
recon guring robots, the Molecules support multiple modal- cal stem cell is designed as a solid plate without any connec-
ities of locomotion and manipulation. In the same period, tions, in this sense, the cell is immature and its structure and
Rus and Vona (1999) discussed a robotic system composefiinction are indeterminate. However, with further evolution,
of crystalline modules that can aggregate together to fornthe stem cell can grow connections at its edges and develop
distributed robot systems. The crystalline modules can alsatself into mature mechanical cells. The connections can be
move relative to each other by expanding and contractingof different types and two of them are considered in this pa-
This actuation mechanism permits automated shape metager, they are namely the male connection denoted as M and
morphosis and provides a crystalline robot system the cathe female connection denoted as F. With the connections,
pability of self-recon guration. More recently, Yim et al. mechanical cells such as FNMN cell and FFMM cell can be
(2000) presented a modular recon gurable robot called Poly-developed as shown in Fig. 1, where N standing for no con-
Bot. PolyBot is a modular recon gurable robot system com- nection. In Fig. 1, the FNMN cell consists of one mechanical
posed of two types of modules serving as segments andtem cell and two connections, i.e. one female connection
nodes. A segment module has one degree of freedom anand one male connection; the FFMM cell has four connec-
two connection ports, and a node module is rigid with notions which are arranged as F, F, M and M in clockwise se-
mobility and has six connection ports. It was reported thatquence.
two PolyBot systems have been built, and a robot with up to
32 modules being bolted together have been tested.
In this paper, we propose a stem-cell-inspired mechanical
robotic arm. Different from the robotic arms discussed aboveThe FNMN and FFMM mechanical cells can further evolve
that each of their mechanical cells or molecules is not sepathemselves into mechanical bones forming structure modules
rated but a completed robotic module being integrated withthat can be used as links or rigid bodies for constructing bio-
control and software system, the mechanical stem cell proinspired robotic arms. For example, the FNMN and FFMM
posed in this paper, inspired by the character of stem cell, almechanical cells can interact and grow into different mechan-
a more basic and fundamental level, is a type of pure meical bones such as the cubic bone, cuboid bone and polyhe-
chanical unit. This unit can be used to build different robotic dral bone that are indicated in Fig. 2.
modules in according to the practical applications. The cubic bone is a stable structure consisting of six
Using the unit, a bio-inspired mechanical muscle based orFFMM cells, and by adding four more FFMM cells to a cubic
Sarrus linkage is proposed, leading to the development of a Sbone, a cuboid bone can be generated as shown in Fig. 2b, the
DOF bio-inspired robotic arm. This novel design helps aug-length of the cuboid bone is doubled that of the cubic bone.
ment workspace and overcome some shortcomings of conn theory, more FFMM cells may be incorporated in order



M connection M connection

N Onemale Two male \
connection connections
B | | ———
One female Two female
/ connection connections /
F connection \ F connectio
FNMN cell Mechanical stem cell FFMM cell

Bio-inspired mechanical cell.

date sub modules of robot, which is very useful for some
special applications such as space technology.

(a) Cubic bone

Sarrus linkage (Sarrus, 1853) is a one degree of freedom
spatial linkage that was invented by Pierre Frédéric Sarrus
(1798-1861) in 1853, that can transfer rotary motion into lin-
ear motion, or inversely transfer the linear motion into stan-
dard rotary motion (Chen et al., 2013); sometimes it is also
referred to as spatial crank mechanism. It provides a great va-
riety of possible motions and may accomplish complex tasks
(b) Cuboid bone beyond what planar linkages are capable of as indicated in
He et al. (2014) and Li et al. (2013). The classic Sarrus link-
age is a two-limb six-bar linkage of which each limb contains
three parallel revolute joints, with the rstjoint of both limbs
lying on the base plane and the third joint of both limbs lying
on the platform plane.
Based on the Sarrus linkage, we can arti cially nurture the
FNMN and FFMM mechanical cells into a bio-inspired me-
chanical muscle that is composited of six mechanical cells
(c) Polyhedral bor connected by six revolute joints as indicated in Fig. 3a. Like
the Sarrus linkage, the mechanical cells are jointed to form
two sets of limbs, each of which being a four-link chain. The
rst chain is comprised of two FFMM cells as the bottom
end labelled 1 and the top end labelled 4, and two FNMN
Bio-inspired mechanical bones. cells serving as side links 2 and 3; the cells are connected by
three parallel joints whose axes are denoted as A, B and C
as indicated in Fig. 3a. Similarly, the other branch is com-
to extend the cuboid bones. Figure 2c shows a polyhedraposed of two FFMM cells serving as bottom end 1 and top
bone consists of eight FFMM cells and twelve FNMN cells. end 4 which are of duplicates of the rst branch, and two
Compared to the cuboid bone, a polyhedral bone has mor&NMN cells acting as side links 5 and 6; the links are joined
inner space which can be used to install and store actuatordy three parallel revolute joints whose axes are D, E and F,
sensors and other member modules. respectively.

A bio-inspired mechanical bone developed through the To meet the requirement of practical engineering appli-
mechanical cells have three advantages. First, its structure isations, a robuster Sarrus-linkage-based mechanical muscle
simple, modular and apt-to-be fabricated. Second, its strucis symmetrically developed by integrating four additional
ture is recon gurable and exible. Third, the inner hollow FNMN cells into the standard Sarrus structure associated
space of these mechanical bones can be used to accommwaith six extra joints, as illustrated in Fig. 3b. This design
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does not alter the motion performance and output character-
istics of a standard Sarrus structure but provides a more sta-  Forearmrigid CO”“GC“OF‘\
ble and reliable structure which is capable of carrying more Forearm bon
payload. As illustrated in Fig. 3b, assuming that the bottom
cell is xed, the top cell can only has translational motion ~ Wrist revolute joint—-_
with respect to the bottom cell. The lower-side cells rotates
about the bottom cell, and the upper-side cells rotate respec-
tively about their adjacent lower-side cells and translate with
the top cell. Obviously, the linear motion of the two paral-
lel ends leads to the circular motion of the joints; and on the
other hand, the circular motion of the joints results in the A bio-inspired modular 5-DOF robotic arm.
linear motion between the two parallel ends. Hence, this me-
chanical muscle can not only be used as a translational joint,

but also acts as a su_pporting structure to expand further th‘éles and two rigid connections, hence the total degrees-of-
workspace of a robotic arm. freedom of the proposed robotic arm is ve.

Further, given the structure parameters of the Sarrus struc- ¢ hig rohotic arm, through the shoulder revolute joint,
ture as illystrated in Fig. 3a, there exisC2 D2 and  j; can realize an circular 360otation of upper arm; through
do,0,Da” 2 2cos’ with do,o, standing for the dis- o noner arm Sarrus-linkage-based muscle, it can realize a
tance between poin®; andOa. combined rotation and translation of the upper arm and be-

low parts, and change the workspace of the arm; through the
elbow revolute joint, it can realize an entire 3@@tation of
forearm and the parts below; through forearm Sarrus muscle,
it can realize a combined rotational and translational motion
of the forearm and parts below, and change its workspace;
further, through the wrist revolute joint, it can realize circu-

Based on the mechanical bones and muscle developed froft" 360 rotation of the wrist bone. _
the mechanical stem cells in the previous section, differ- As described above, the dexterous motion generated by the

ent type of robotic arms can be evolved and grown S(,jltisfy_proposed robotic arm provides augmented workspace. Re-

ing speci ¢ purpose and environment, and one bio-inspiredgarding its application, the shoulder can be xed on the base
or combined with the other robots, we can also directly con-

modular-based 5-DOF robotic arm is developed in this pa- )
per as illustrated in Fig. 4. This bio-inspired robotic arm is N€Ct the upper Sarrus arm to the base or the other robots with

composed of three bio-inspired bones, i.e. the shoulder bondh® shoulder revolute joint. By accurate controlling the mo-
upper-arm bone and forearm bone, and two bio-inspired mustion of each joint, the robotic arm can execute speci ¢ mis-
cles as the upper-arm muscle and the forearm muscle, corpiOn Salisfying various customer requirements.

nected by three revolute joints, that is, the shoulder joint, the

elbow joint and the wrist joint, and two rigid connections as

the upper arm rigid connection and the forearm rigid connec-

tion. It can be seen that the robotic arm is purely developedAs aforementioned, the bio-inspired 5-DOF robotic arm de-
from the mechanical stem cell presented in Sect. 2.1. Reveloped in this paper is evolved from the mechanical stem
garding the degrees of freedom of the robotic arm, there areell consisting of bone cells and Sarrus-linkage-based mus-
three revolute joints, two 1-DOF Sarrus-linkage-based mus<les. Kinematics of such a robotic arm is different from the

Wrist bone\



conventional ones and is investigated in this section. In or- ey X0
der to describe the position and orientation of the proposed / %ﬂ X1
robotic arm, a global coordinate systé@®g XoYozogis lo-
cated at the shoulder joint, and four body-attached coordi- YL
nate systems are established at the upper arm muscle, uppdir
arm born, forearm muscle and forearm born, respectively, as ~
shown in Fig. 5. As the robotic arm includes both serial and x / X2
parallel kinematic chains, the traditional D—H method can- ]
not be directly used to analyse its kinematics. In this paper, X3
a more general approach, that is, homogeneous coordinate CX 2
transformation method is used. By rstly solving the trans- 3
formation matrices between the coordinate systems, and con- D
sequently deriving the total transformation matrix, we can F
obtain a matrix representing the posture of the wrist bone Z
with respect to the global coordinate system leading to the M
investigation of the workspace and inverse kinematics of the
proposed robotic arm.

Considering the motion sequence of the robotic arm, it
involves both translational and rotational transformation.
Herein, the homogeneous transformation matrix for trans-
lation is denoted as Trare(b, c) with &, b and ¢ being Geometry and coordinate systems of the robotic arm.
the coordinates of a displacement veaorC bj C ck, and
the homogeneous transformation matrices for rotations about
thex, y andz axes are denoted as Rof( ), Rotly, ) and  such that the homogeneous transformation matrix that de-
Rot(z, ), respectively, as de ned in Cai (2009). Further, for nes reference framéO,grelative to reference framiOsg
conciseness sake, the sine and cosine functions are denotedn be given as
ass andc, respectively.

As discussed above, the bio-inspired robotic arm is builtTg, D Trans 3p34 Rot(ys; s)Rot(xs; =2)
by the FFMM and FNMN mechanical cells evolved from the 2
mechanical stem cell, thus all the unit modules used to con-
struct the robotic arm have the same structure parametersand p 0 0 1 Zs4C bé :
we assume that lengths of the side and thickness of a unit ss €5 0 0
module are respectively andb. According to the kinemat- 0 0 0 1
ics of Sarrus linkage, the anglgsand' ; (i D 2 and 4) in the
two Sarrus-linkage-based muscles in the robotic arm have the Similarly, according to Fig. 5, posture of coordinate sys-

Csg s O a=2

4

following relationship tem fO3g can be obtained from reference frarfi@,g by a
rotation about the, axis by angle 3 with a following ro-
2;C'iD2 (iD2and4) (1) tation about thex, axis by =2 and a translation given by

_ _ N ~ vectorqg,s. The translational vectar,; can be presented in
Referring to Fig. 5, the position vector of the centroid point reference framé0,gas

M in the wrist bone can be expressed in reference frame
fO4 X4Y4249in homogeneous coordinate form as 2p23 DTa=2b01U; (5)

‘DT 0a=2Cb1U: (2)  and therefore transformation matrix that de nes frafiag

) _ with respect to framé&O,gcan be obtained as
Coordinate systeniOs X4Ya4249 is transformed from

frame fO3 x3yszag by a rotation about thgs axis by  1,.p Trans 2n,3 Rot(zz; 3)Rot(y2; 4  )Rot(xz; = 2)
an angle s followed by another rotation about the axis 2 3

by =2, and subsequently a translatiop, along the C3C4 C3S4 s3 a=2
z4 axis. With respect to reference framf®3g the transla- Dg S3Ca S3s4 Cc3 O Z . ®)
tion g34 can be expressed as S 4 Cy4 0 b o

0 0 0 1

3p3,D 0304D O3D CDE CEF CFOq
D a=2asin 4,Cb01"; ®)



Further, by de ning the displacement vector of the origin
of frameQ> with respect to the origin of framg®1gas

'p,,D0;0,D O;ACAB CBCCCO;

D a=a(1C2sin 2)C3001 " : ©)
Transformation of coordinate systef®,g with respect to
reference fram&O1gthat is achieved by a rotation about the
X1 axis by =2 and a translation with displacement vec-
tor 1p,, can be expressed as

T12D Trans *py, Rot(xy; =2)
2
1 0 0 a=2
0 0 1 a(lC2s 2)C3bé_
D g 0 10 0 : (8)
0 0 O 1

From Fig. 5, the displacement of the origin of reference
framefO1gwith respect to the origin of framiOgg can be
given as

%pp;DTa=2b 0 1U; 9)

thus, the transformation from frami®1g to frame fOgqg
which is performed by a rotation about tlkg axis by an-
gle 1, a following rotation about th&y axis by =2, and a
subsequent translatigrn,, can be derived as

TorD Trans %py; Rot(zo; 1)Rot(yo; 2 )Rot(xo; = 2)
2 3
Ci1C2 C1S2 Ss1 a=z
siC» S1S2 <c€1 O Z )
D S 5 ¢, 0 b5 (20)
0 0 0 1

Finally, multiplying all the four transformation matrices in
Egs. (4), (6), (8) and (10), we can have the nal coordinate
transformation matrix relating franf€®4gto framefOggas

ToaD To1T12T23T34: (11)

Furthermore, combining Eq. (2) and Eg. (11), the posi-
tion vector of pointM relative to be base coordination sys-
temfOgpgcan be expressed as

% D Tos*p: (12)

According to Egs. (2) and (12), it can be found that the wrist
revolute joint has no effect on the position of the wrist bone
centroidM, but it affects the orientation of wrist bone.

Inverse kinematics provides background for position control = 2

3, 4, 59 Since the proposed robotic arm is formed in a
hybrid con guration, the inverse kinematics is highly non-
linear such that it is dif cult to nd closed-form solutions.
Thus, in this section, a numerical approach is proposed for
solving the inverse kinematics of this bio-inspired robotic
arm.

Dividing matrix T4 into blocks, it has

Ros4 dog .

ToaD 0 1

(13)

where, RoaD [X04 Y4 204U is the rotation matrix lying
in SO(3) de ning orientation of the wrist bone with respect
to the base frame, angy, D [gx Oy a.U is a vector inR3
that locates the position of the centrditl of the wrist bone
relative to the base frame.

Assuming that elements of the matrix in Eq. (13) are speci-
ed, equalizing Egs. (11) and (13) leads to a set of non-linear
equations containing 5 variables and 12 equations which are
not all independent. In this way, the inverse kinematic prob-
lem of the proposed robotic arm is converted into nding so-
lutions for the 12 dependent equations.

However, as aforementioned, due to the hybrid structure
of the proposed bio-inspired robotic arm, there is no analyt-
ical solution for the set of non-linear transcendental equa-
tions, there exist only numerical solutions or approximate so-
lutions. Further, unless in the case of special circumstances,
there is no general direct method to get the numerical so-
lution structure of non-linear equations, including the exis-
tence of solution and multiple solutions. At present, there are
two approaches for obtaining the numerical solution, i.e. the
indirect method based on xed point theorem, and the opti-
mization method based on variational principle, both of these
methods are based on iterative numerical solution adopt-
ing the strategy of the “time for accuracy” termed in Zhou
et al. (2008). Considering that the kinematics equations to be
solved herein is a hyper-redundant non-linear transcendental
one without direct solution available, we convert this prob-
lem into a global optimization problem based on optimiza-
tion methods as follows.

Given elements to matriXo4 in Eq. (13) and equalizing it
with Eqg. (11), a set of dependent equation can be formed in
terms of the ve variables as

8
3 f1(1 20 3 4 5)DO

foly 27 35 4 5)D0; (14)

" f12(1; 2 3 4 5)DO

where the joint space Df 1, 2, 3, 4, sgcontainsthe ve
variables whose variation ranges are de ned as

2, 4 and 1, 2 3 (15)

of a robotic arm. Given the Cartesian coordinate of the end-

effector in the transformation matrikgs, we attempt to de-
rive the joint space formed by the ve variablésDf 1, 2,



In order to convert the equation solving problem into an _—

equivalent optimization problem, Eq. (14) is converted to input structure
construct an energy function as parameters
A2 Y
P#)D  jfi( 1 25 3 4 s)i: (16) Divide the solution interval
iD1 of 1, 2, 3 4 sintotwo
. i smaller sub intervals
Thus, the problem of solving non-linear transcendental
equations is transformed into the problem of solving the en- v
ergy function_ complying With a given constrain_t. T_hat is, W i et vt
given a suf ciently small positive numbeét, the aim is to "] into energy functiorP( ,)
search for a set of values ( 1, 2, 3, 4, s5) such that
P# )<" holds, and as a resul, ( 1, 2, 3, 4, s5) pro- Y
vides as a set of approximate solutions for the above non- Optimize and choose a set df
linear transcendental equations. ka2 K kK FOr P(, min
The numerical solutions of non-linear transcendental
equations can be implemented in three steps as presented in aT.bF PR
Lu et al. (2008):
a: lteration number
1. the existence of solutions: checking whether the equa- b:P(,)< 0
tions have solutions;
2. solution isolation: dividing the solution interval into be T \QUEERIOD
smaller sub-intervals, for each sub-interval, there may Shfile e sslifien TisrE o »
exist a solution or not, and if so, we can refer to any % 4 sinto smaller sub interval
point in the sub-intervals as an approximation solution:; neighboring . i i ks
3. solution precise: efforts to improve the accuracy of the Flow chart for numerical solution of the proposed inverse

approximation solution, make it satisfy a certain accu- kinematics.
racy requirement.

Considering the approach of solving non-linear equationsnning iterative operations. This will result in better mini-
based on global optimization method, a numerical iterative,, ;m energy function valuB (# ) and the re ned solutions
algorithm is proposed with its procedures shown in Fig. tor the ve variables.
and the speci ¢ process is interpreted as follows. Repeat the above steps until the value of energy function is

Firstly, de ne the maximum number of iteratidN and  |egs than the threshold error or the iteration times reached the
the threshold errot: if the calculation accuracy reaches the .,-vimum number. the nal output of the ve variables, »
threshold _error', stop the operatio_n and the co_rrespond_ing s, 2and s will be a set of optimal solutions for the non-
set of variable obtained may provide a set of inverse kinéjnaar equations, that is, the inverse kinematic solution of the
matic solutions; if the number of operations has reached th%roposed robotic arm.
maximum number of iteratiol, even if accuracy €ror is - gpyigysly, this algorithm can reliably obtain a set of solu-
larger than the threshold, also stop operations. Obviously, itjons satisfying the equations through a series of continuous
the number of operations has reached the maximum numb&jjide and iteration. To seek a more accurate solution, more
of iteration, and the calculation error is still big, this means jiged intervals and iteration times are required, which nat-
that the accuracy of the solutions is not high enough to meef, 51y increases the operation time. It can be found that the
the threshold, we need to increase the maximum number ofp,,e algorithm can satisfy the general application require-
iterationN so as to achieve a set of more precise solutions. ments without involving any kind of complex algorithm such

Secondly, allocate values of the ve variable§ 2, 3, 45 genetic algorithm or neural networks. In this paper, the
4 and s according to their individual intervals de ned in - oq1ts obtained indicate that this algorithm is suf cient to
Eq. (15), and substitute them into the energy funcld#),  ;ompuyte the inverse kinematics and provide results for posi-

then perform the iterative operation and select the miniMuMj, ang orientation control, the results are indicated by nu-
value of the energy functio (#) searching for the opti-  qica| simulation and physical prototype validation.
mized set of variable valuesyf, k2, k3, k4, ks) that
leads to minimum value of the energy function denoted
Thirdly, continue allocating the ve variableg, 2, 3, 4
and 5 in a smaller interval near €1, k2, k3, k4, ks), and



Workspace of the bio-inspired robotic arm.

wise, when retracted, the position of wrist centrbldin the

x- andy-direction can be zero, and the actual workspace is

in the range from 175 to 175 mm along the axis and the

y axis, respectively.

, ) . In addition, Fig. 8 demonstrates the typical con gurations

Based on the transformation matrix of the wrist bone cen-5. 4 workspace augmentation principle of the proposed
troid M given in Eq. (12), using Matlab package, we can rpqtic arm. Figure 8a shows one extreme phase of the
plot the trajectory of poinM relative to the xed reference ohotic arm with two Sarrus-linkage-based muscles being
frame fOog that is, workspace of the wrist bone centroid ¢y retracted, compared with the fully expanded phase
M relative to the universal coordinate system, as shown ifngicated in Fig. 8b and the intermediate phase in Fig. 8c,
Fig. 7. In this example, the size of each stem mechanical cellpe rgpotic arm has the smallest volume of workspace at
isa a bD30mm 30mm 6mm,inaddition, the geo- i phase, and in this con guration, she lengths of three
metric collisions among member modules during spatial mo'equiﬁalent linksly, I, and I3 are ;D' a2 C (a C 4b)?2

tlolr;_are ngt condslge:]ed- et th oction of th ’ [bD a2C 4b? and I3Da=2Cb, respectively; where,
\gure /a ahd b snow that Ihe projection ol th€ WOrkSpace, 5,4, are respectively the side length and thickness of the
of the robotic arm in any plane that is perpendicular to the

g . 4 mechanical stem cells. Figure 8b shows another extreme
Z axis is symmetric, the arm can make a whole circular mo-

. T ) . phase of the robotic arm with the two Sarrus-linkage-based
tion around thez axis without any interference. Figure 7b

. muscles being fully expanded, compared with Fig. 8(a), it
and cshoyv thgt the erst_ can perfprm both 1‘or\_/vard_and_back-Can be found that the lengths betwe®p and O, and be-
ward motions in a certain range in the negative direction of

the z axis, which provides potential capability of mimickin tweenO; andO, increase, Buch that the lengths of the three
S, P P pabiity 9 equiyalent links becomig D (a=2 C b)? C (5a=2 C 3b)?,
the motion of a human arm.

The workspace of the robotic arm in Fig. 7 also demon-12D (@=2C b)? C (3a=2C b)? and I3Da=2Cb. Fig-
strates that, without considering the size of the shoulderUr® 8¢ shows an intermediate phase in which con gu-
when all the Sarrus-linkage-base muscles are fully retractedfion_the lengths of the three equivalent links a@®
the entire arm length in theaxis direction is 108 mm, while ~ (@F(L ¢ )Cbs > C (a(1C 3s=2)CbB ¢ )y,
the wrist centroidVl can reach in a the range from71to 12D (@=2(1 ¢ )Cbs )2C (3a=2s  bc )? and I3D

200 mm alongz axis, as illustrated in Fig. 7c and d. Like- a=2Cb.




Workspace augmentation function of the two Sarrus-
linkage-based muscles.

phase to the fully expanded phase, the actual length ofdink
increases from 61.77 to 95.34 mm with the maximum length
of 96.33 mm; which provides an extra 34 mm exible length
to the upper arm to achieve a linear motion alongzlasis.
Similarly, as shown in Fig. 9b, as the forearm Sarrus-
linkage-based muscle transforms from the fully retracted
Geometric con gurations of the bio-inspired robotic arm. phase to the fully expanded phase, the actual length of the
equivalent linkl, increase from 30.59 to 49.66 mm, and the
maximum length is 51.35 mm, which implies that an extra
Based on the changes of the lengths of the three equivaler0 mm exible length is provided to the forearm for the lin-
links 11, 12 andl3, the workspace augmentation function of ear motion along the, axis.
the two Sarrus-linkage-based muscles can be formulated and Hence, with the two Sarrus-linkage-based muscles inte-
illustrated in Fig. 9. grated in this novel bio-inspired robotic arm, it can break
Figure 9a shows the relationship between length of thethrough the limitation of conventional robotic structure and
equivalent linkl; and the con guration angle of the up-  enlarge its workspace, which makes the robotic arm particu-
per arm Sarrus-linkage-based muscle. It can be found thdarly suitable for performing large-scale motion in a compact
as the upper arm muscle transform from the fully retractedspace, not only as a general industrial robotic arm, but also



as a device carried by mobile robot to perform investigation, Errors of the inverse kinematic solutions.
detection, rescue, transportation and other tasks.

Element t11 t12 t13 t14
Error 6.32% 0.00% 5.34% 0.00%
Element ty1 too to3 tog
Further, in order to validate the feasibility and accuracy of Error  6.50% 0.00% 5.11%  0.00%
the proposed algorithm for inverse kinematic analysis, one Element  t3; t32 ta3 t34
numerical example is provided in this section. The valida- Error 0.60% 0.00% 43.45% 0.00%
tion method and process is: rst, give an initial value for
the ve variables 1, 2, 3, 4 and s, the two structure pa-
rametersa and b of the mechanical stem cell, and substi-
tute them into the forward kinematics matrix in Eq. (11) to
achieve the transformation matrix; second, by equating the
speci ed transformation matrix to Eg. (13), construct a set of
non-linear transcendental equations containing 12 equations;
third, by using the algorithm presented in Sect. 3.3, solve
the equations and check the group of optimal solutions and
minimum energy function value, this leads to the appropriate
inverse kinematic solutions of the robotic arm.
Here, we assume that the mechanical stem cell has struc-
ture parametera D 30 mm,bD 6 mm, and a set of values
within the ranges of the ve joint variables is given as

#D(1; 20 3 4, 5)D(=15 =12 =2 =6 =3 (17) Prototype of the proposed bio-inspired robotic arm.

Firstly, substituting the variables in Eq. (17) into the trans-
formation matrix in Eq. (11), the transformation matrix for ~ Comparing the results in Eq. (20) with the speci ed val-
representing the wrist bone coordinate system with respecties in Eq. (18) as show in Table 1, it can be found that ex-

to the global coordination system can be speci ed as cept for the elemeriis, the errors are within the tolerance
ranges, and the minimum value of energy functid) is
0:6250 03460 0:6998 433841 within the acceptable range. Therefore, Eq. (20) can be ac-
2 0:6495 0:2667 0:7120 961147 . 18 . . . . .
TosaD 0:4330 08995 00580 10064285 (18)  cepted as a set of inverse kinematic solutions for the robotic
0 0 0 1 arm. At the same time, the results show that the numerical

_ _ iteration method developed for the non-linear transcendental
Then, by equating matrices Eqs. (18) and (13), a set okquations of robotic arm is valid and feasible.
non-linear transcendental equation containing 5 variables

and 12 equations can be constructed.
Subsequently, substituting the above matrix into the algo-

rithm developed in Matlab program, and setting subdivi- . . . .
sion number as D 48, the threshold errdf D 0.5 and the Based on the forward and inverse kinematic analysis of
maximum number of iterationsl D 20, we get a set of in- the bio-inspired robotic arm, the mechanical cells were de-

verse kinematic solutions as signed and fabricated, and a prototype of the proposed 5-
DOF robotic arm was constructed, assembled and integrated
with low-lever control system as illustrated in Fig. 10. It can
be seen that, the mechanical system was completely built by
using only the FFMM and FNMN cells that are developed

where, the number of iterations is 16, the minimum energyfrom the mechanical stem cell, the three revolute joints at

function valueP (#)min D 0.2250, such tha® (#)min<" and the shoulder, elbow and_ wrist are driven by rotary st_epper
therefore the operation terminates. motors, and the Sarrus-linkage-based muscles are driven by
Finally, by substituting the results in Eq. (19) into the linéar motors. . , _
transformation matrix in Eq. (11), we can get a optimized To vahtjate the forward and inverse klnt_amatlc models of
the robotic arm, a virtual obstacles is designed to construct
3 obstacle avoidance motion test of the robotic arm. As shown
0:6645 03459  0:6624 433883 in Fig. 11a, the robotic arm is in the rear of a cuboid obstacle,
0:6073  0:2667 07484 ®6LL2Q.  54)  the purpose of obstacle avoidance motion test is to locate the

0
78,09 0:4356 08996 00328 1005100° - , , , :
0 0 0 1 robotic arm in front of the obstacle without any interference.

# D (k1 k2, k3; Kk4; K5)
D (20982 2:6129 1:6797 0:39841:0433)  (19)

numerical transformation matrix as



Obstacle avoidance motion test of the robotic arm.

Initial tests indicate that the proposed robotic arm can not
only perform the functions desired in the design but also
overcome obstacles through the shrinking motion of the up-
per arm and forearm Sarrus-linkage-based muscles, which
greatly simpli es control strategy and reduces the nancial
cost for establishing complex control system.

In this paper, a novel bio-inspired robotic arm was for the rst
time proposed and presented. This robotic arm was designed
and developed based on a single type of mechanical stem
cells.

Inspired by the function and characteristics of the stem
cell but different from the other robot “cell” or “molecule”,
the mechanical stem cell presented in this paper is simple
but capable of evolving into different functional cells, bones
and muscles. Using the bones and a mechanical muscle de-
veloped based on the Sarruse linkage, a 5-DOF bio-inspired
robotic arm was designed and its associated kinematics was
investigated. In order to solve the inverse kinematics of the
proposed robotic arm, an optimization-method-based numer-
ical iterative algorithm was proposed and veri ed with a nu-
merical example and computer simulations. Further, a physi-
cal prototype of the proposed 5-DOF robotic arm was devel-
oped and initial tests were carried out to validate the correct-
ness of forward kinematics and the applicability of inverse
kinematics solving algorithm.

Overall, the paper has indicated that the stem-cell inspired
pure mechanical stem cell has parallels in biology and pro-
vides a exible modular way to build mechanical bones and
muscles for robotic arm development. Advantages of the pro-
posed bio-inspired robotic arm can be summarized in three
aspects: rst, its structure is simple, modular and apt to be
fabricated; second, its structure is recon gurable and ex-
ible; and third, the inner hollow space of these robot bones
can be used to settle sub modules of robot, which is very use-
ful for some special application such as space technology.

It can be seen that if the shoulder joint rotates directly, the

whole arm will swing toward the obstacle, which may lead

Designed and developed the robotic arm:

to an interference between the arm and the obstacle. Theredrong Luo. Kinematics Analysis: Zirong Luo, Jianzhong Shang,

fore, in order to avoid potential collision with the obstacle, a
simple but ef cient motion control strategy is used based on

the property of the Sarrus-linkage-based muscles. Figure 11

shows the initial con guration of the robot in simulation cor-
responding with the physical test. By only driving the up-

per arm Sarrus-linkage-based muscle, the upper arm shrinks

Guowu Wei and Lei Ren. Simulation ad prototype: Zirong Luo,
Jianzhong Shang. Wrote the paper: Zirong Luo, Jianzhong Shang,
guowu Wei and Lei Ren.

The author wishes to thank Ernest Ap-

and the arm arrives at a position over the obstacle, as showpleton, Bo Liao, Yunkai Yang and Jun Zhang for their valuable

in Fig. 11b. Following a rotation of the shoulder's revolute
joint, the robotic arm swings ahead and points in the front
direction of the obstacle, as shown in Fig. 11c. Finally, by

contributions in developing the prototype.

Edited by: K. Mianowski

releasing the upper arm muscle, the upper arm expands tgeviewed by: L. Bruzzone and one anonymous referee
make the robotic arm reach the desired position avoiding the

obstacle, as illustrated in Fig. 11d.



Li, J., Zhang, G., Muller, A., and Wang, S.: A family of remote cen-
terof motion mechanisms basedon intersecting motion planes, T.
Acaccia, G., Bruzzone, L., and Razzoli, R.: A modular robotic sys- ASME J. Mech. Design, 135, 091009, doi:10.1115/1.4024848,
tem for industrial applications, Assembly Automation, 28, 151- 2013.

162, 2008. Liu, H., Huang, T., Mei, J., Zhao, X., Chetwynd, D. G., Li, M.,
Cai, Z.: Robotics, 2nd Edn., Tsinghua University Press, Beijing, and Hu, S.: Kinematic design of 5-DOF hybrid robot with
20009. largeworkspace/limb-stroke ratio, T. ASME J. Mech. Design,

Chen, G., Zhang, S., and Li, G.: Multi-stable behaviors of 129, 530-537, 2006.
compliant Sarrus mechanisms, J. Mech. Robot., 5, 021005Lu, T., Kang, Z., and Fang, X.: Numerical calculation method, Ts-
doi:10.1115/1.4023557, 2013. inghua University Press, Beijing, 2008.

Fukuda, T. and Kawauchi, Y.: Robotic system (CEBOT) as one ofRanjana, S., Srinath, A., and Richard, G.: Towards a 3g crawling
the realization of self-organizing intelligent universal manipula-  robot through the integration of micro robot technologies, in:
tor, in: Proceedings IEEE Conference on Robotics and Automa- IEEE International Conference on Robotics and Automation, Or-
tion, Cincinnati, Ohio, 662—667, 1990. lando, Florida, USA, 296-302, 2006.

Fukufda, T. and Nakagawa, S.: Dynamically recon gurable robotic Rus, D. and Vona, M.: Self-recon guration planning with com-
system, in: Proceedings IEEE Conference on Robotics Automa- pressible unit module, in: IEEE Proceeding of International Con-
tion, Franklin Plaza Hotel, Philadelphia, Pennsylvania, 1581- ference on Robotics and Automation, Detroit, MI, USA, 2513—
1586, 1988. 2520, 1999.

Gavin, D. and Luis, R.: Biologically inspired telescopingactive sus- Sarrus: Note sur la transformation des mouvements rectilignes alter-
pension arm vehicle: Preliminary results, in: IEEE/ASME In-  natifsen mouvements circulaireset re ciproquement, Acad. Sci.
ternational Conference on Advanced Intelligent Mechatronics, C. R. Hebd. Seances Acad. Sci., 36, 1036-1038, 1853.
Montreal, Canada, 1380-1384, 2010. Shammas, E., Wolf, A., and Choset, H.: Three degrees-of-

Guan, Y., Jiang, L., Zhang, K. X., Qiu, J., and Zhou, X.: 1-DOF  freedomijoint for spatial hyper-redundant robots, Mech. Mach.
joint modules and their applications in new robotic systems, in:  Theory, 41, 170-190, 2006.

IEEE International Conference on Robotics and Biomimetics, Siciliano, B. and Khatib, O. (Eds.): Springer handbook of robotics,
Bangkok, 1905-1910, 2009. Springer-Verlag, Berlin, Heidelberg, 2008.

Guckert, M. and Naish, M. D.: Design of a novel 3 degree of free- Wurst, K. H. and Peting, U.: PKM concept for recon gurable ma-
dom robotic joint, in: IEEE/RSJ International Conference on In-  chine tools, in: The 3rd Chemnitz Parallel Kinematics Seminar,
telligent Robots and Systems, NJ, USA, 5146-5152, 2009. Zwickau, Germany, 63-66, 2002.

He, X., Kong, X., Chablat, D., Caro, S., and Hao, G.: Kinematic Xi, F., Xu, Y., and Xiong, G.: Design and analysis of a re-
analysis of a single-loop recon gurable 7R mechanism with mul-  con gurable parallel robot, Mech. Mach. Theory, 41, 2006.
tiple operation modes, Robotica, 32, 1171-1188, 2014. Yim, M., Duff, D., and Roufas, K.: PolyBot: a modular recon g-

Jin, Z. and Gao, F.: Novel 6-SPS parallel3-dimensional platform urable robot, in: Proceedings of the 2000 IEEE International
manipulator and its force/motion transmission analysis, Chinese Conference on Robots & Automation, San Francisco, CA, USA,

J. Mech. Eng., 15, 298-302, 2002. 514-520, 2000.
Katie, L. and Robert, J.: Myriapod-like ambulation of a segmented Yoshida, K., Hata, N., Oh, S., and Hori, Y.: Extended manipulability
micro robot, Autonomous Robots, 31, 103-114, 2011. measure and application for robot arm equipped with bi-articular
Kotay, K. and Rus, D.: Locomotion versatility through self- driving mechanism, in: Proc. 35th Annu. Conf. IEEE Ind. Elec-
recon guration, Robot. Autonom. Syst., 2, 17-23, 1999. tron. Soc., Porto, 3083-3088, 2009.

Lee, C.-C.: Kinematic analysis and dimensional synthesis ofzZhou, G., Song, B., and Xie, J.: Numerical analysis, Higher Educa-
general-type Sarrus mechanism, JSME Int. J. Ser. C, 39, 790— tion Press, Beijing, 2008.
799, 1996.



	Abstract
	Introduction

