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Abstract—We propose a singularity-based mechanism (SBM)
to exploit the singular configuration that improves the angular
acceleration instead of constraining the movement. The tradeoff
between the responsiveness and the range of motion is achieved
by varying a length of linkage in the SBM. In this paper,
we clarify the responsiveness of the SBM using the dynamics
analysis. For the demonstration, we build an experimental
SBM system with the high responsiveness, a practical range &2
of motion, and a size comparable to a human arm. In the :
experiment, the effectiveness of the SBM is shown in a vertical Time
lifting task. The characteristic of the SBM that generates a
large acceleration at start is similar to the human arm moved Fig. 1.  The responsiveness of mechanisms. The characteristic of con-
by a muscle. The similarity between the SBM and the human ventional mechanisms is determined by gear ratio and input power. The

arm is analyzed in terms of the static torque. proposed singularity-based mechanism (SBM) can obtain high angular
acceleration at the start and high angular velocity after acceleration.
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I. INTRODUCTION

A wide range of robots including personal robots, wear-

able robots, and entertainment robots, require high respon- ) o
siveness. The robots employ actuators and a high reductiBi€: the configuration is singular. As the crankshatft and the

ratio gear to obtain a high torque (high acceleration): howeonnecting rod are straightened, the linear velocity of the
ever, the high gear ratio limits the peak angular veIocit;?”der decreases toward zero, and the thrust force of the slider

of an output link. The actuator that obtains high angulaf'créases toward infinite. The characteristic of the singularity

velocity with low reduction ratio gear loses the high angulalS used for several products such as crimp tools and riveters.
acceleration. The relations between the angular acceleratir’as been attempted for application to robotics [12]-[14],
and the angular velocity are illustrated in Fig. 1. The idedPUt the dynamic performance has not been analyzed. In the

mechanism realizes the high angular acceleration at the stg}gchanism, using the singularity limits the range of motion
and the high velocity during its motion. to less thanl80°. That is, the relation between the range

Generally, robot arms use electromagnetic motors withf motion and the effectiveness of the singular configuration

harmonic drives or reduction gears [1]-[7], motors with wire@&comes a tradeoff.
[8], [9], and motors with belts [10], [11]. In these mech- We propose a singularity-based mechanism (SBM) that
anisms, the range of motion can be determined regardle®sploits the singularity and achieves high responsiveness
of the constraint of the mechanisms. A range of motiowith a practical range of motion, realizing the desirable
wider than 180 is preferable for multipurpose robot arms.velocity profile shown in Fig. 1. At the start, the SBM
For examaple, the DLR lightweight arms [2] and the WAMgenerates the high angular acceleration by high torque at
(Barrette Technologies, USA) have a range of motion morew angular velocity near the singularity. After accelerating,
than 180. On the other hand, a range of motion less thathe SBM shifts the motion with low angular acceleration
180 might be enough for personal robots such as HRP-& high angular velocity. In this paper, this responsiveness
(Kawada, Japan) [1] or PR1 (Willow Garage, USA) [10].of the SBM is analyzed by varying the linkage lengths,
These ranges of motion are 135-24& the elbow. which determines the range of motion. In the experiment, the
A singularity is a configuration the robot arm shoulddynamics model of the SBM is verified by two experimental
avoid to prevent a degeneration of degrees of freedor®BM systems with the range of motion of T2&nd 180.
However, the mechanism effectively generates a high fordehe system with 180is a four-bar parallel linkage, which
at low velocity at or in the neighborhood of the singulais a common structure of robot arms.

configuration. For example, in a slider-crank mechanism The characteristics of the SBM generating high torque at
composed of a crankshaft, a connecting rod, and a slidgpe start is similar to a human arm with the muscle. The
when the crankshaft and connecting rod form a straighovement of two links in the SBM behaves as the linear
Tomoaki Mashimo, and Takeo Kanade are with the Robotics Instirut@Ctuator (S“_der'(_;rank)' The SBM generates high torque when
at Carnegie Mellon University, Pittsburgh, PA 15213 USA (correspondinghe mechanism is extended. The human muscle also produces
author to provide phone: 412-268-1859; fax: 412-268-64Ba&shimo@ |arge passive tension when it is extended [15]. The torque
cs.cmu.edu ). Takateru Urakubo is with Department of Computer f the SBM i d with the h = del i
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AY When 6, = 0 (links 1 and 2 form a straight line), rank of
i J is one from the above equation; that is, the configuration

3ot ! of the SBM including links 1 and 2 is singular. Also, when
; Actuator 6> = 0, p. cannot be even in the column spaceJofrom
(Input) (1) and (3). Therefore, the configuration whelke = 0 is

|

|

! the singular one of the four-bar linkage mechanism, and we
[ can obtain thap. = 0 whenfy = 0. A higher order time

| | Link 0 derivative ofp, can be calculated from (2) as follows:
|

|

|

|

|
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Fig.2. Singularity-based mechanism (SBM). When the links 1 and 2 forms
a straight line, the configuration is singularity. whereR; and R, are2 x 2 matrices, and the description

()@ denotesith order time derivative ofx).
We suppose that the singular-based arm is at rest and its
[1. SINGULARITY-BASED MECHANISM (SBM) configuration is singular at initial timeé = 0. A constant
Fig. 2 shows the singularity-based mechanism (SBMjorquer is supposed to be applied at joint 1 for 0. Since
which is closed-loop four-bar linkage. The SBM is compose® = 0 at the initial time, we can obtain from (1), (6) and
of links 0, 1, 2, and 3. Link 0 is fixed and the load is attachef?) that
at the end of link 3. An actuator attached at joint 1 moves link
1 and the rotational direction is clockwise. When a current
is applied to the actuator as an input, the motor shaft rotatefowever, p* £ 0 at ¢t = 0 from (1) and (8), becausé;
link 1. Link 2 pulls link 3, and then the torque around jointand g, are generated by the torqueand the column space

4 is obtained from link 3 as the output. . of 8J/90; is linearly independent from the one &f These
Based on the kinematic analysis of four-bar linkages [16}esyits mean that the angtesatisfies

we derive the kinematics for the SBM. The angles of link

¢ with respect to the linkk — 1 are denoted a8, for i = b=¢=0® =0, oW £0 att=0. (9)
1,---,4, andf; andfd, are expressed in a vector form@s=

[61,02]". An angle¢ between link0 and link 3 is written  From (9), the time history ofs would be expressed by a
as¢ = 2w — (61 + 62 + 05). Introducing a coordinate frame quartic function of time near = 0. The above singularity of
(z,y) with an origin at joint 4 and denoting a position ofthe SBM can also be explained in terms of the relationship

joint 3 asp. = [z.,y.]", we can express it by the following petween small displacements &f andp. as follows:
two ways:

pe:f’e:pg’):O att=0.

—lzsin ip. = 0(0©%) , (10)
e[ )ere. W
_ ) where 6® and ép. are small displacements @ and p.
_ | —hsinby —lsin(6i +62) | s gy 5 from the singular configuration respectively.
Pe= 1 1o+ 1 cos 6y + 1y cos(61 + 6) 2(0), (2 ! . .
0 7 1 COo8 by b2 COS(TL 7 U2 The above properties of the SBM at the singular config-
wherel; is the length between jointandi + 1 andly is the uration make it difficult to achieve an accurate trajectory

length between joints and4. From (1) and (2), the system tracking of ¢, but they would be useful from thle view of

has the following constraint betwed and ¢: work done by the torque-. Since §® = O(dpzZ) from
V(O,0) = £(0) — f1(¢) =0 . 3) (10), the work done byr that is represented asd® is
relatively larger for a small displacemedy.. The work can
From (2), we can obtain the following equation: be calculated as a function of time approximately near the
P =JO , (4) singular configuration based on the dynamics of the two-link

' _ _ . robot arm [17]. The displacemed® is independent from
whereJ is the Jacobian matrix df, and can be written as the mass of link 3 and the weight attached to link 3, and

—lycos b — lycos(By +03) —Ilacos(f; + 65) can supply the energy to the system most efficiently at the
J= —l1sinf; — loysin(f; +6y)  —losin(f; +63) | singular configuration as long as the weightis sufficiently
(5) heavy.
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TABLE | TABLE I
PARAMETERS FOR THE DYNAMIC ANALYSIS. PARAMETERS FOR THE CASE STUDYTHE RANGE OF MOTION®, INITIAL
ANGLE ¢q, AND THE LENGTH [2 OF LINK 2.

Quantity Value
Case 1: ®=80.5° ¢,=90° £5=0.25414m
Length of lfnk 0 lo 03m Case2: ®=96.2° ¢=75°  L=0.26665m
Length of link 1 h 0.05m Case3: d=112° $=60° L=027787m
Mass of link 1 * m 0.278 kg Cased: ®=129°  §,=45° L=0.28721 m
Moment of inertia” of link 1 Ji 1.77x10* kgm2
. Case 5: ©=146°  ¢,=30° [=0.29421m
Length between joints 3 and 4 I3 0.05 m
. . Case 6: ®=163°  ¢,=15° 1= 0.29854m
Length between joint 3 and weight I 0.35m
Case 7: ®=180° ¢,=0° r=10.300 m
Mass of link 3 ms 0.517 kg
Moment of inertia” of link 3 J3 6.19x107 kgm2
Mass of motor shaft My 0.0777 kg

Moment of inertia” of motor shaft o 1.38x10° kgm?
") Momemt of inertia about the center of gravity of each linkage.

I1l. RELATION BETWEEN RESPONSIVENESS ANDRANGE

OF MOTION IN THE SBM Fig. 3. Initial configuration of the SBM (Case 1 to 6). In all SBM systems,
A. Design of the SBM system links 1 and 2 are forming a straight linéx(= 0).

In this section, we analyze the relation between the re-
sponsivenss and the range of motion in the SBM sytem by
varying the linkage length. The parameters of the SBM i%_ Analysis Result
the analysis are shown in Table I. In order to make the SBM
design similar to a human arm, the link length and/,,

... The motion of the SBM systems is illustrated with forward
are selected to roughly correspond the length of a human . ; o

ynamics when a constant input torgaeof 1 Nm is given
upper arm and forearm.

We assume that the SBM starts the motion from thgroundjomtl. In the analysis, the load of 5 kg is attached

. . ) I . at the end of link 3 and gravity is not considered to clarify
singular configuration at the initial angle= ¢,. The final . L .
i . . the acceleration. The motion is finished at the time that the
angle is the sum o, and the range of motio® and is

the angle that links 2 and 3 form a straight line (the secon%jyStem reaches the second singular configuration.

singular configuration). The range of moti@nof the SBM Fig. 4(a) shows the angular displacement of seven cases.
is defined as the usable angle range frggio ¢, + ®. The  The result shows a tradeoff between the responsiveness and
relation between the initial angl, and the link lengtH, is the range of motion. The SBM system with narrower range

given by the law of cosine. Therefore, the design of the SBMf motion obtains the larger angular displacement at the end
is determined by taking one fromy, I, or ® as following: ~time. For example, the SBM system with= 163° obtains

PO RCI approximately 20 % higher angular displacement compared

® = 1 — ¢ — arccos ( 0t (h+1)" - 3) . (1) tothe PBM system (¢ = 180).
2o (1 +12) The angular accelerations are shown in Fig. 4(b). At the

In the analysis, we consider seven systems with initial anglessart, the motions behave as the fourth-order function as
¢ from 9C° to 0° by 15 as shown in Table Il and Fig. 3. seen in (9). The SBM systems then obtain the high angular
From (11), when the initial anglé, is small, the length acceleration at the start period in comparison to the PBM
lo is long and the range of motiof® is wide. The mass system. The peak of the angular acceleration of cases 1 to
and moment of inertia of link 2 increase in proportion t06 is roughly equal. After the angular accelerations obtain
its length. When length, is equalized to a lengtty, of the first peak, they are converged toward the constant torque
link 0 (& = 180°, ¢9 = 0°), the mechanism becomes theof the PBM. The SBM systems again increase the angular
parallelogram linkage and it transfers the input torque froracceleration near the second singular configuration. When
actuator to joint 4 with a constant acceleration. We deal witthe angular acceleration reaches the second singular configu-
the mechanism withb = 180° (Case 7) as the parallel- ration, the angular acceleration becomes zero. Thus, the high
based mechanism (PBM) to distinguish it from the otheresponsivenss is generated in the SBM system. The reason
SBM systems (Case 1 to 6) for the comparison study. Ifor zero angular acceleration is that link 1 changes to rotate
the PBM, the structure is a common mechanism for robah the reverse direction. The second singular configuration is
arms, and the dynamic characteristics are similar to robbbth the limit of the range of motion and the point where
arms with belt or wires. the link 1 starts reverse rotation.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
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Fig. 5. Experimental setup. The SBM systems (left side) and the PBM

ts] system (right side)

@

Horizontal motion

Vertical motion

o ¢/t [rad/s?]

Fig. 6. Horizontal and vertical motions in the experiment. The SBM might
be applied to an elbow joint of humanoid.

t[s]
(b)

experimental system. Link O is fixed vertically in the vertical
Fig. 4. Responsiveness of link 3 in the SBM. (a) Displacement and (b‘SnOtion- In the SBM system, the angle is 0° and the angle
angular acceleration. The high angular displacement is observed as the rafgeis 45> at the initial angle. In the PBM system, the angle
of motion decreases. 0, and ¢, are both45° and transfers a constant torque from

link 1 to link 3 regardless of the angle.

In the experiment, we choose the magnitude of the input
IV. MODEL VERIFICATION AND EFFECTIVENESS current to obtain théd0° angular displacement within 1 s.

The current is constant to evaluate the dynamic characteris-
tics.

The experimental SBM systen® (= 129°) and the PBM 1) Effectiveness in Horizontal MotiorFig. 7 shows the
system ¢ = 180°) are built as shown in Fig. 5. The time history response of the angular displacements in the
actuator is an electromagnetic motor (EC40, Maxon Motorsorizontal motion when the constant input current of 1 A
SWitzerIand) with a planetary gear (Gear ratio: 156) A rOtafYapproximate|y 3 Nm at the motor) is app“ed The experi_
encoder (HEDL5500, Avago Technologies, USA) attached tgental result of both the SBM and PBM systems are roughly
the motor shaft measures the angular displacement. Linkgkcorded to the estimated result. The delay of the angular
is comprised of steel for attachment to the motor shafts, anfisplacement at the start is observed in the SBM system
links 2 and 3 are aluminum. All joints employ bearings for &yecause of the start expressed as the forth-order function in
smooth rotation. The motor driver (EPOS2, Maxon Motorsyg). There is no large difference of the displacements between
provides a current to the motor and measures the actuge two systems. The loady = 1.2 kg was too small to
current. A weightm; of 1.22 kg is attached to the tip of optain the effectiveness of the singularity, compared to the
link 3. The current is stopped when the angular displacemeghalysis in the previous section (m 5 kg). The SBM makes

A. Experimental SBM System

reachesp — ¢o = 90° to prevent collision. the difference larger and is effective if the load is large. (in
. which case, the total responsiveness is reduced.)
B. Experiment 2) Effectiveness in Vertical MotionThe time history

The dynamics model is verified by the experiment and theesponse of the vertical motion is shown in Fig. 8 when
effectiveness is demonstrated in two ways: a horizontal meéhe constant current of 2 A (apploximately 6 Nm) is applied.
tion and a vertical mation, as shown in Fig. 6. The horizontahfter 0.2 s, the difference of both systems is enlarged as time
and vertical motions are determined by the installation of theasses. Finally, the angular displacement of the SBM system
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Fig. 7. Responsiveness of the SBM systems and the PBM system in thég- 9. Models for static analysis. (a) Human arm model, (b) SBM model,

horizontal motion.
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and (c) motor model.

connected from joint 1 to joint 3. Assume that the natural
length of muscle id,, the displacement of the muscle is
L, and the peak of the displacementljs,..r. When the
peak active tensiofl, and the peak passive tensi@p are
given, the total tensiofd; is the sum of the active and passive
tensions and is expressed as [15]

7Tal2 T k'lm,/l'mpeak —1
Ttoz< m+Ta)+ (e T ), (12)
ek —

where « is a scaling variable and is a shape parameter.

Fig. 8. Responsiveness of the SBM systems and the PBM system in tILQ case the arm is fu”y stretched at the initial angﬂ@’

vertical motion.

the muscle is fully extended with the displacemént =
Lmpea- When the arm is fully flexed at the end angle
oo + @, the muscle is fully contracted with the displacement

is approximately two times larger than that of the PBMm = —lmpeak- The torquer, generated by the tensidh is
system. Thus, the high responsiveness of the SBM systehiPressed as

using the singularity is obtained in the vertical motion. The

Ts = lth sin (7T — 93) 5 (13)

reason for the effectiveness is that links 1 and 2 can Sto{}ﬁwere 0, is the angle between link 3 and the muscle. As

much higher kinematic energies than link 3 based on t
kinematics. The SBM system can supply energy efficientlya
at the singular configuration when the SBM quickly lifts a4

load against gravity.

From the aspect of energy consumption, the SBM syste

own in Fig. 9(b), the static forcg, of the SBM model is
ken on the line connecting from joint 1 to joint 3. When
e input torquer; is given around joint 1, the static force
I"]C’? of joint 3 that is pulled by link 2 is expressed as

supplies a large mechanical energy to the load more rapidly fo= 71 cos (b1 + 02 —m) (14)

with the equal constant current. The back-electromotive force

L sin 6o

increases as the angular velocity increases. The SBM systen), the SBM, the displacement on the line connecting joints
has consumed higher electric energy for higher displacement;y 3 is also denoted ds,. The SBM takes the singluar

than the PBM.

V. STATICS ANALYSIS OF THEHUMAN ARM MODEL AND

THE SBM MODEL

In this section, we discuss the similarity of the stati
characteristics of the SBM to that of a human arm. Th

C
e

configuration at the initial anglg¢, when links 1 and 2 form a
straight line and,,, = li,peqar. When the arm is fully flexed,
the displacement i$,, = —lypear. IN Order to obtain the
length-tension curve of the human arm model and the SBM
model, the parameters are chosen as:

movement of links 1 and 2 in the SBM system behaves asthe o = 1 k=47, = 20N, T, = 40N, 7, = I1Nm

slider-crank and linear actuator. The SBM can generate high &
torque when the mechanism is extended. The human muscle

= 45° Lypeak = 0.05m, [y = 0.28721m

also produces a large passive tension when it is extendedrig. 10 shows the length-tension curve of the human arm
Let us build the human arm model with a muscle insteathodel and the SBM. Especially, the SBM model is roughly

of links 1 and 2 in the SBM as shown in Fig. 9(a). Link Oaccorded to the human arm model while theis large (the

is the upper arm and link 3 is the forearm. The muscle iarm is extened).
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estimate that the SBM is appropriate as the actuator in
term of the torque for realizing an anthropomorphic arm,
compared with the robot arms that employ motors at the
joint. In order to confirm the similarity, the dynamics of the
human arm with muscles is also a future work to be clarified.
We will pursue the dynamic analysis of the singularity-based
mechanism and develop applications for it's use.
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