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Abstract—This paper evaluates the dynamic and kinematic
properties of a prismatic mechanism and shows its capabilities
in performing home manipulation tasks when integrated into
a robotic arm. Our design is motivated from the observation
that human hand motions often follow a linear trajectory when
manipulating everyday objects. We present the mechanical
design for a light-weight, energy-efficient robot named PRISM
that emphasizes translational motion. By simulating the dynam-
ics equations and comparing the structure of commonly used
anthropomorphic arms and our proposed arm, we verify that
translational motion is more energy efficient with PRISM, and
the robot can maneuver itself in narrower places. Through
simulation experiments using state of the art manipulation
planning algorithms, we analyze the success rates of PRISM
and an anthropomorphic robot arm in performing basic tasks.
The simulation experiments center on pick-and-place tasks in
cluttered kitchen scenes. We show a real-world prototype of
PRISM and perform several manipulation experiments with it.

Fig. 1. Prototype of proposed robot using prismatic joints.

I. INTRODUCTION

One key technology in a robotics system designed to hefarrett WAM, we show that our design is more energy effi-
elderly and handicapped people is the capability of manigient, lightweight, and maneuverable when performing tasks
ulating objects around the environment [1], [2]. Successfukquiring translational movement. In order to prove higher
manipulation requires both a mechanical design that is nornergy efficiency than anthropomorphic arms, we simulate
intrusive and a motion planning system that can handldée dynamics equations based on a simple two link example.
the complexities of environment obstacles and perceptiofo demonstrate maneuverability, we create kinematics model
error. Because most mechanical arm designs today attempitidhe robots and solve for their inverse kinematics equations.
mimic the structure of the human arm with seven rotationalhen we prepare cluttered environments of a home scenario
joints taking the roles of shoulder, elbow, and wrist [3]-and show that PRISM is capable of reaching its target objects
[11], the mechanical design space of arms is still largelg larger percentage of the time than the Barrett WAM.

unexplored. Several robot designs employ springs and uniquepne of the advantages of PRISM is its ability to freely
mechanisms to make the arms safer [12]-[16], but the kingnove the elbow joint to avoid obstacles (Fig. 3). In order for
matic structure largely remains the same. Many studies hay@thropomorphic arms to achieve translational motion, the
shown that humans tend to think about grabbing objects in@pow usually has to move to adjust the distance between
hand-centric coordinate system, which implies that reachinge shoulder and the wrist. Because the swept volume of
motion also Optimizes the distance the hand travels throu@mch movements iS |arge, a re'ative'y |arge Open region is
the environment. Considering this observation along witlﬂgquired for successful motion planning (Fig. 4). PRISM
motion capture experiments on people performing reachingmploys a multi-parallel link for the prismatic mechanism,
tasks [17], we see that the hand roughly follows a lineajhich has advantages of efficient translational motion and
trajectory to the target object roughly optimizing distancemall swept volume. Coupled with its small non-intrusive
traveled in the workspace. Instead of designing a robot argjrycture, PRISM can reach very narrow places (Fig. 2).

with an anthropomorphic structure as the first priority, we The paper first begins with an explanation of the me-

motivate the Importance of translational motion in p'Ck'am.jE:hanical design of PRISM and the decisions involved in
place tasks and design a robot arm that prioritizes translau%

Fig. 1). Compared t lar anthropomorohic arms like th ﬂoosing the masses, lengths, and joints of the robot. We then

(Fig. 1). Compared to popular anthropomorphic arms like Gvaluate the energy efficiency of the prismatic portion of the
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Fig. 2. Shows an automatically computed motion plan to put the arm in a narrow PRISM.

Fig. 4. The swept volume of a two link robot as it extentds is big and can
limit the robots motion in the presence of many obstacles.

prismatic joint, the whole weight is reduced allowing an
arm to achieve practical speed and safety. A lightweight
carbon reinforced fiber plastic (CRFP) is used to show
the feasibility in a prototype. The reach of the prismatic
arm is approximately 1.1 meters. The length is sufficient
to pick up objects into a place where handicapped and
elderly people would have a difficult time to extend their
arms. If reasonably mounted to a wheelchair, the arm could
extend to the back of common refrigerators, microwaves or
shelves. The current target payload is 1.5 kg in case the
prismatic arm is completely extended, which is computed by
a stress analysis using finite element method in CAD model
(Pro/Engineer Mechanism, PTC co., USA). Such a payload
would be sufficient for daily objects. Because payloads are
dependent on the configuration of the robot, larger than 1.5
kg payloads are possible, but then motion planners would
be necessary to control the arm in order to guarantee the
Fig. 3. The kinematics capabilities of the prismatic joints and severa‘FonStrairlts are maintained.

configurations of the robot that demonstrates ability to pick up objects from We prioritize the the lightweight design of wrist for the
floor and reaching tasks. fetching objects task. The wrist has only one degree of
freedom, but it allows us to reduce the weight at the end-
effector further. Let us define the x, y, and z axes as in Fig.
3. The x coordinate axis is taken the horizontal extending
A. Target Specifications direction of the prismatic arm. The origin is taken center of

shoulder joint. In the present prismatic arm, the wrist equips

We define the degrees of freedom of the arm from thgpy one rotation around x-axis, after two rotational DOF
necessary movement for daily tasks such as object fetchinge removed from the wrist.

Examples of the degrees of freedom for the robot arm are gecause PRISM is capable exploiting the prismatic re-

shown in Table I. Most tasks can be conducted by thgyngancy at the elbow, it can more easily avoid obstacles
combination of these DOF. For example, object fetching tasknq fit into narrow places. The specification compared to the
from floor in house is combination of retrieving motion ingrett WAM is shown in Table II. The total weight of the

x-axial direction and lifting up motion in z-axial direction yrismatic arm is 12 kg, which is relatively practical for home
to a desired height. Based on the observation that a humagyironments.

arm roughly follows a linear trajectory [17], we design a

prismatic mechanism in the the forearm and upper arm & Prismatic Mechanism

the robot. There are several ways to achieve a prismatic mechanism:
The relation between payload and weight is tradeoff. Thecrew, rack and pinion gear, electromagnetic linear motors,

mechanism using wire or belt reduces the inertia of thpneumatic actuator, and hydraulic actuator. Because driving

elbow or wrist, but the whole robot arm is heavy. In theaxis of these mechanism is stiff, and the translation causes

II. MECHANICAL DESIGN
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TABLE |
DEGREES OF FREEDOM OF ROBOTS IN DAILY MOTIONS

Degrees of freedom Example tasks
Rotation around x or y axis Turning door knob
Rotation around z axis Opening juice bottle
Translation in x-axial direction Retrieving object
Translation in x and y-axial directions ~ Opening door
Translation in z-axial direction Lifting up object
TABLE I

THE SPECIFICATION OF THE PRISMATIC ROBOT ARM

Position Range
Vertical translation of the manipulator 0.5m
Rotation around x axis at shoulder mrad (180 °)
Rotation around y axis at shoulder nrad (180 °)
Translation of upper arm 0.37m
Rotation around y axis at elbow mrad (180 °)
Trans_l ation offorearrp . 0.37m . Fig. 5. Prismatic robot arm with differential drive that makes revolute and
Rotation around x axis at wrist 2n rad (360 °) prismatic motions
Translation of gripper 80 mm

TABLE Il
the danger that the driving axis hits human. Several researcl)ovapLe RANGE AND SPECIFICATION OF THE PRISMATIC ROBOT ARM
group considered a prismatic joint for flexibility of the
manipulator in the past [18]-[21]; however, most of the Specification WAM arm New arm
experiments were in simulation. To realize a mechanism with

. . Ly Reach Im 1m
expansion and contraction for avoiding danger, we_e_mploy Degrees of freedom - -
a multi-parallel link [22], [23]. To our knowledge, efficient Torso 0 1 (Linear)
dynamic characteristics of the multi parallel link have not ex- lsglllsulder i g(} }%near)
ploited. Compared with humanlike robot arms, the prismatic o} 3 1( incar)
arm with multi-parallel link shows better efficiency at least  weigh beyond shoulder 5.8 kg 2.kg
as long as the wrist follows straight trajectory. The multi-  Total weight 27kg 13 kg

parallel link composed of 36 links (16 rhombus) is given as
shown in Fig. 3.

C. Prototype

The prismatic arm is composed of multi-parallel Imk\s/Eur revolute DOF, three prismatic DOF, and 1 gripping

and differential drive that generates prismatic and/or revolu OF. The gripper moves the both finger in parallel direction.

DOF. The mechanism achieves a compact joint as sho Aql DOF of the prismatic arm is shown in Table Ill. The

in Fig. 5. In general, the mechanism using differential gear . . . .

has two rotational DOF and enlarges the joint. The motioR =" atic arm er?wpg the necessiry D'? F 1o vll/ork 'T humar;

of the prismatic arm is dependent on the relative motio’gnvwonment. The prl_sr_natlc arm has the pea revo ution o

of the two gears. If the gears move in the same directio 28 rad/s at each joint and the peak translation ,Of 590

the mechanism revolves around the axis. If the gears mo%m{s at the forearm, close to th_e spged of human’s d§|ly
gonon. The peak revolute and prismatic speeds are defined

in opposite directions, the mechanism moves linearly. B X . )
y performances of electromagnetic motors. The prismatic
movement that moves both rotationally and linearly. Th rm aims to lift and holding objects of 1.5 kg at best when

differential gear is efficient to realize two DOF with high . it\?vrg'q ;15t :ﬁ?nsi?g ho(:zdoenst.allg/é dB‘?OS?.d h(?cgntr]cﬁeco:]'g?np;t'?:f
energy density required for robots. The differential drive!Ig '9 » W '9 '9 pri '

mechanism with multi-link is attached to the shoulder an rm. The 'de".’ls for I|ght|n'g weight are: (1) The Wr.'St IS
elbow. Wrist employs a differential gear for gripping an ight because it has 1 rotational DOF. (2) The prismatic arm

object and rotating itself. In addition, the prismatic arm hagmployes the differential drive with prismatic and revolute

actuators for the horizontal rotation at the shoulder and féﬂ?;'(;':z iazlgog :nnglzgst. 'E?I'Tﬂtfmlénkﬁt Iznt(;]itfélr?miﬂr?e
a vertical translation. Accordingly, the prismatic arm haé with 1ig '9 9.

material is expensive, but the simple structure of the link
1This mechanism is occasionally calléazy tongor scissors jack might make the fabrication easy.

adjusting the relative motion, it is possible to generate
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Fig. 7. Torque of each joint of multi-link and two link

Fig. 6. Schematic of the dynamics computation

0.6 - Multi-link elbow
R Multi-link shoulder

I

I

i I

TABLE IV 0.5 - Two link elbow :
I

I

— - - — - Two link shoulder
MODEL PARAMETERS FOR THE SIMULATION . i

Weight Mol * Total weight %

[ke] [kem’] [ke] g

Link a 0.268 516 x10° - &
Link b 0.268 5.16 x10° -
Elbow 0.474 0.248x10° -
Wrist 0.474 0.248x10° -

Link ¢ (Total 8 links) 0.0084 0.698x10° 0.0672
Link d (Total 28 links) 0.0168 5.17 x10° 0.470

*) Mol (moment of inertia) is around the center of mass

Time [s]

Fig. 8. Work of each joint of multi-link and two link
I1l. DYNAMIC SIMULATION

The dynamic performance of the prismatic arm with multi-

parglltlal flmksh model (Mrllj_lt"“nk mcr)]del) Its) c?mkpared to da return to the initial angle at 2 s. They are contracted at 3 s and
model of anthropomorphic arm with two bar linkages modeley iy again at 4 s. Fig. 7 show the result of the computation.

(Two-link model). The both models are shown in Fig. Gin the both models, the torques are low when the arm is

and the mass properties of the both model are shown tallgio\jed, and they are high when the arm is contracted as
IV. The both models have same mass properties in thoa(;‘e" as a mechanism of slider-clank

different structures for the fair comparison calculation. The Compared to the two-link model, the multi-link model

total weight of 36 links in the multi-link model is equal to theCan be moved by relatively small torque at the range that

58;?' r\llitlselgrhet ggt;\gﬁel('jngt ?rzz;/\/lrri]s:haenjlrer;g?z?:étte\/;% \é;rt:acl,iﬁ e multi-link model is extended. By this characteristic, the
gnts : - . J HD ismatic arm can generate impulsive force as long as the
mechanism. Gravity and friction are ingnored to evaluate the .

horizontal motions of the arm. When a linear traiector i$r|smatic arm reaches over. This impulsive force is effective
) ) ) J Y Ror the case that a robot arm pulls to open the door knob or
given to the model, the necessary torque is calculated l?l¥

inverse dynamics. The desired positipnat the joint is given € .handle of drawer or lift up heavy objects ”0”.‘ floor.
as an input Fig. 8 shows the power of the actuator required at the

0, — Asi 0 1 elbow and shoulder in two-link model and multi-link model.
a = Asin(wt +6o) , @ In the multi-link model, the difference of the power between

where 4 is amplitudew is angular velocityf is time, andf,  |tS elbow and shoulder is approximately 1.5 times. The elbow
is initial angle. The wrist is defined to move on the straight? tWo-link model needs largest power for the movement. The

on x-axial direction. The position of the wrist is expressed€ason for the large power is that the revolution of the elbow
as joint is twice than that of the shoulder. This result indicates

) that a robot arm such the two-link model requires high power
for the drive. If the power source cannot generate the enough

wheren is number of links,l is the length of the link. In power, the revolution be decreased. It causes a decrease of

the inverse dynamics computation, The initial angle of théhe motion speed of the robot arm.

models is 45 at 0 s. The models are extended at 1 s and Fig. 9 shows the mechanical energy for the both motions.

x=(n—1)lcosf
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Energy [J]

Fig. 9. Mechanical energy of multi-link and two link (lower is better).

The energy of the multi-link model achieved approximately
25 % efficient than that of the two-link model. It is mainly
due to the moment of inertia of whole links and the joint
weight at elbow. Because the each link in multi-link model
is short and rotates around its center of mass, the momen
of inertia is low.

IV. TASK PERFORMANCE ANDEXECUTION

Evaluating a robot on how well its kinematics are suited
to autonomously perform manipulation tasks requires the
combination of object grasping analysis, motion planning
algorithms, and inverse kinematics calculations. A quick
look at PRISM’s reachability density (Fig. 10) shows that
it can grasp objects up to 1.1 meters away from its base
axis of rotation. Because the arm concentrates on translation
motion more than rotation, the density quickly falls offFig. 10. The reachability area density of the gripper considering self-
suggesting that not many rotations are possible further awdys'ons (hotter areas have higher density).

The measure we choose to evaluate a robot is based on
the capability that it can successfully pick up an object
given a random environment in simulation. These types of
manipulation problems are usually decomposed into finding
the grasp locations for the object, finding the robot configu-
ration to satisfy the grasps, and then searching for a feasible
trajectory that connects the initial robot configuration to the
goal configuration while avoiding obstacles [24]. In order
to simplify development, we use OpenRAVE [25] for the
manipulation and grasp planning algorithms.

We build a grasp set for each target object by simulating
the approach of the gripper to the target object from all
possible directions. After the gripper gets close to the object,
we compute the contact points it makes; if the target object
is in force closure, we store the grasp with respect to the
target object coordinate system (Fig. 11).

Given a target object, we use the grasp sets to compute
possible grasps that are collision-free of the environment and
are guaranteed to stably grasp the object. Because the searct
space for robot arms is seven dimensions, it is very time
consuming to sample random robot configurations until the Some of the automatically generated grasps used in the task
approach the goal. Instead, most researchers first compute ébgﬁuanon experiments.
robot configurations that can reach the grasps using inverse
kinematics algorithms. There exist a multitude of numeric IK
solvers, but they have the disadvantage of long computation
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Fig. 12. Three different sections of this kitchen scene were used to test the locations in which the target object can be safely grasped without colliding.
The left side shows thgraspability regionfor the WAM while the right side shows thgraspability regionfor PRISM.

TABLE V

times and do not give all possible solutions, therefore we ana-
GRASPABILITY REGION

lytically solve the closed-form inverse kinematics equations
of PRISM using the help of OpenRAVEkfast. PRISM

L . . . WAM | PRISM | Region Ratio
has seven joints: three prismatic and four rotational. Because Table Surfacel 53.2% | 50.0 094
the gripper pose is six dimensions, we first take the elbow Lower Shelf | 8.5% | 26% 3.05
joint as afree parameterand are left with six joints that UppersShelf | 17.2% | 31.2% 181

we can fully solve for. Because the translational joints do
not affect the rotation of the gripper in anyway, we can
separate solving for the rotation and the translation: we firgt Real-world Experiments

solve for the rotational joints using standard methods, then ) .
we solve for the translational joints. The kinematics had 'n order to build PRISM (Fig. 13), we used Maxon motors
many degenerate cases, so the generated analytical IK sol¢4ih the EPOS controller interface. The controller loop was a
became 100,000 lines of C++ code, which is 20 times Iarg@rSOHZ PID Ioop on linearly interpolated _trajectorles coming
than Barrett WAM's. Even so, the execution time is on thd®M the planning system. Current the biggest problem with
order of 50 microseconds. Once the goal robot configuratiofid® implementation is that the multi-link prismatic joints have
are computed, we use Bi-directional RRTs [26] to find & Fendency to deform slightly as trajejectques are executed,
collision-free trajectory. this sgmetlmes causes the robot t_o collide with obsta_lcles
Because the advantages of PRISM over other robots is M_sgwen it shouldn’t. In the fu_ture, we will make the mechanism
slender arm and capability to translate without moving itSironger to account for this problem.
elbow, we choose patrticularly narrow scenes when compar-
ing it with the Barrett WAM (Fig. 12). We first pick a region
in the environment and center the robot around it. Then for In this paper we proposed a novel robotic arm and ana-
every 2D point on the surface, we test if a target object dyzed its dynamics and kinematics properties in the context
any orientation can be picked up from that location, we caPf executing daily pick-and-place tasks. Because of the
all possible locations thgraspability region Table V shows lightweight nature of the robot, achieving a sturdy prismatic
the percentage of the regions Computed for F|g 12 for tH@int that does not deflect due to forces is difficult.
target object shown. On cluttered scenes, PRISM is able to
outperform the WAM since it can reach tighter places, but
on open scenes where there aren't as many obstacles, th&@his research has been supported in part by the National
WAM has a highemgraspability region. Science Foundation’s Quality of Life Technology Center.

V. CONCLUSION
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Fig. 13. Video of the real robot synchronized with the OpenRAVE world and reaching into a drawer.
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