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Project Summary

1. Design

TABLE II
ONLINE SURVEY RESPONSE SCORES ABOUT FUNCTIONS (MEAN,

STANDARD DEVIATION AND MODE) IN DECREASING ORDER OF MEANS.

How useful is a robotic third arm for..

Function x̄ � mode
Handling hot/dangerous objects 5.87 1.58 7
Carrying things 5.47 1.70 7
Stabilizing an object 4.77 1.74 6
Putting things away 4.19 1.91 5
Signaling to others 3.56 1.72 4
Keeping the user balanced 3.41 1.89 4

I can see myself using a robotic third arm for..

Function x̄ � mode
Handling hot/dangerous objects 5.06 2.14 7
Carrying things 5.02 2.20 7
Stabilizing an object I am holding 4.17 2.11 1
Putting things away 3.75 2.14 1
Keeping myself balanced 2.73 1.97 1
Signaling to others 2.66 1.83 1

This discrepancy could be explained by the fact that
respondents thought of the robot more as a professional or
military tool and it is unlikely that they would have worked
in particular settings in which a wearable robotic arm would
be used. Also, it may be hard to imagine oneself using a
device which is of a category that is likely unfamiliar to
respondents.

While respondents could see the utility of the arm for
general functional use, if not their own, a third arm was de-
cidedly not considered useful for social contexts or signaling
functions, either by the users themselves or in general.

Handling dangerous objects and carrying were the highest
rated functions for a third arm (mode 7 for both questions
in Table II), with stabilizing objects and putting things away
being rated as generally useful (if not for own use). Again,
we see a low usage expectation for social use. Respondents
also did not feel that balancing the user was a useful function.

III. CONTEXTUAL INQUIRY: BUILDING CONSTRUCTION

Our findings in Section II suggest that a wearable robotic
arm can be a valuable tool in a professional setting, where
carrying things, handling hot or dangerous objects, and stabi-
lizing and putting objects away are key functions. Informed
by these results, we proceeded to conduct a need-finding
inquiry [10] to guide the design of specific capabilities.
We chose the domain of building construction, which in-
cludes many of the above-mentioned functions. Importantly,
this trade involves a range of activities that are strenuous,
repetitive and present some degree of hazard to a worker.
For example, in the United States, about 40% to 65% of
worker’s compensation costs in construction result from mus-
culoskeletal disorders and soft-tissue injuries which develop
over time [20]. A robotic third arm may be deployed to
reduce this risk from repetitive injuries in tasks classified
as handovers, pick-and-place, and stabilization of a worker
or tool.

We ran the contextual inquiry with a construction crew
working on building renovations on the Cornell University
campus. We were guided through the site by a supervisor

Fig. 7. Observations from the construction site: a) Roof paneling installer
climbing a ladder, b) plumber welding copper pipes, c) collaborative drywall
installtaion.

who provided a brief description of each task and offered
expert testimony during and after our observations of each
worker. Since we are interested in building a physical aug-
mentation device, we documented the body motions and
ergonomic states of a worker while performing a task along
with the hazards and loads associated with the task. We also
elicited comments from the workers about the cognitive loads
and common frustrations involved in their tasks.

Based on these observations, we identify three usability
“need themes” informing promising functional requirements
of the robot.

A. Reaching and Self-Handovers
We observed multiple instances where a worker would

reach for a tool or work piece in a way that impedes their
current task. For example, a worker installing roof panels
while standing on a ladder would frequently bend down and
pick up tools placed on the ladder or in his utility belt. He
also had to step down from the ladder to consult his plans.

Another instance involved an electrician who had to mod-
ify a control panel that had been installed in the midst of
ventilation piping in the ceiling. To reach the panel in the
tightly enclosed space, he had to climb up a ladder and take
off his safety helmet to be able to unfasten the screws on
the panel. He mentioned that the task would have been much
easier if a tool could reach into the enclosed space and bring
the screws to him after removal.

This suggests that a third arm would need to function
as a tool for handovers and as a temporary storage space,
while extending the reach of the wearer. Depending on
the dexterity, it would allow a user to perform complex
operations in constrained workspaces. The ability to bring
nearby objects to a user would reduce the time and effort
expended to bend, or climb up and down to fetch objects.

B. Stabilization of Objects and Self
We found numerous tasks where adding another point of

support for bracing a worker would enhance their safety and
comfort. The supervisor mentioned that safety regulations
require a worker to have three points of contact with a ladder
at all times (Fig. 7a). In practice, this is difficult to achieve,
especially in bi-manual tasks. When both hands of a worker
were occupied, we noticed that they braced against the ladder
with their stomach or hip.

A plumber installing copper piping for heating units
described a challenge during soldering operations. He would
lay down on the floor and have to hold his blowtorch in
one hand, and attempt to feed more solder to the joint while
also holding the pipe steady with his other hand (Fig. 7b).
Another instance was of a cement-layer who constantly had
to brace against the floor while spreading a layer of cement.

This suggests that a wearable third arm should be able to
stabilize objects and provide for additional contact points for
workers when balanced in uncomfortable positions.

C. Coordination of Repetitive Actions
In tasks performed in pairs, workers tend to develop coor-

dination strategies as a result of repetition. For example, one
person would cut a gypsum board for drywall installation,
while his colleague would hold it in place and brace it against
a wall frame. The first person would then get up on a ladder
and nail the board into place at positions marked out by the
colleague (Fig. 7c). They would perform this series of tasks
fluently with minimal communication and acknowledgement
from each other, as a result of having done these tasks
together multiple times.

Another example of collaborative activity performed in
pairs was by window installers: one worker would bring nails
and metal ties from a bin to the worker installing the window
panel. This repeated handover task proceeded with fluency
and coordination to the point where the installer was able
to anticipate the handover without even looking at the other
worker.

This suggests the need for a robotic device deployed in
such scenarios to not just be physically robust and capable,
but also be able to coordinate fluently and lead to a reduction
in the cognitive load of a worker.

IV. LABORATORY USABILITY STUDY

The two studies described thus far provide us with a nar-
rower focus for context and function, as well as with specific
user needs in a potential application area. However, both the
online study and the contextual inquiry were conducted on
a purely conceptual basis, with participants imagining the
use of a wearable third arm. To generate actionable design
guidelines grounded in physical interaction with the device,
we also conducted a user study with participants wearing
and using the prototype arm, followed by semi-structured
interviews.

A. Study Design
This third usability study had three phases: a preliminary

interview, interaction with the device, and debriefing. In the
initial interview, participants began by describing a typical
day in their lives. After identifying some activities at home,
at work, and performed for recreation, we asked them to
imagine if having a third arm attached to their body would
affect these tasks. We questioned them about the structure,
appearance and capabilities of the hypothetical third arm. In
order to narrow down their thought process towards forearm
mounted devices, we showed the participants pictures of a 3D

Fig. 8. Tasks performed by users: moving a cup on a table while seated,
and handing over a cup to the interviewer while standing.

model of the prototype. We then repeated the questions about
their daily activities and elicited suggestions for changes or
improvements to the device at this stage.

After responding to the pictures, participants were shown
the prototype. They proceeded to wear it and perform two
scripted tasks: moving a coffee cup on a table while seated,
and handing over the cup to the interviewer (Fig. 8). During
the task, the robot was autonomous, but ran open-loop, i.e.,
without feedback, sensing, or adaptation. Finally, participants
were debriefed and asked for improvements and suggestions
that they would like to see in future prototypes, and features
they would like to see in a commercial product.

The participants were 14 university students at the gradu-
ate or undergraduate level (9 females, 5 males). We recruited
participants by distributing fliers throughout the university
campus, and sending out e-mails on a special interest fo-
rum for robotics. Participants received a $10 gift card for
participating the study.

B. Findings from Interviews

A qualitative analysis of audio and video recordings from
the interviews revealed five recurring themes (Fig. 9). Each
theme motivates corresponding design guidelines for a wear-
able robotic third arm.

1) Weight and Balance: The weight of the robot was
a major concern for participants. Users often struggled to
perform the task, and in one case, even had to hold up
the third arm with their free hand. Reactions included: “It
was very heavy, very cumbersome to use,” and “I could not
imagine holding it up for more than ten minutes.” Reducing
the weight is a natural requirement of any wearable device.
However, if material and actuation constraints require a
heavier device, designers should consider distributing the
weight along the user’s body.

Suggestions for the attachment point to the body highly
depended on the use context: “The center [of the torso], to
keep it symmetrical while running,” or “On the back, like a
crane.” Generally, the forearm was not found to be a desired
location.

Impact on Society
• More usable wearable robotics (WR)
• Safer and more ergonomics WR
• For manufacturing, logistics, and construction

Impact on Outreach and Education
• 1st Workshop on Supernumerary Robotic Limbs
• Position paper galvanizing the community.

2. Kinematics and 
Dynamics

Fig. 6. Schematic used in the workspace analysis of a human arm with the
robotic arm attached at the elbow, illustrating the DoFs in Tables I and II.

forming a combined 9-DoF human-robot model, excluding
the gripper.

The kinematics of each of these serial chains are described
with coordinate frames derived using the Denavit-Hartenberg
(D-H) convention [19]. The D-H parameters allow us to
construct a 4⇥4 homogeneous transformation matrix Tn

0

between the coordinate frame at the origin (glenohumeral
joint) and the frame at the end-effector, shown in (1), where
n = 5 is the number of joints. In Table I, the parameters
a3 and d5 corresponding to anthropometric data, and ✓i, the
joint ranges of motion (RoMs), have been adapted from [4]
and the NASA Man-System Integration Standards [20].

Tn

0 =
nY

i=1

T i

i�1(↵i, ai, di, ✓i) (1)

TABLE I
D-H PARAMETERS FOR THE 5-DOF HUMAN ARM MODEL

Degree of Freedom ↵i ai(m) di(m) ✓i
1) Shoulder circumduction -90° 0 0 [0°, 180°]
2) Shoulder adduction +90° 0 0 [-90°, 140°]
3) Shoulder flexion 0° 0.335 0 [-90°, 170°]
4) Elbow flexion +90° 0 0 [80°, 235°]
5) Elbow pronation +90° 0 0.263 [0°, 180°]

TABLE II
D-H PARAMETERS FOR THE WEARABLE ROBOTIC ARM

Degree of Freedom ↵i ai(m) di(m) ✓i
1) Horizontal panning +90° -0.112 0 [-180°, 180°]
2) Vertical pitching +90° 0 0 [-180°, 30°]
3) Length extension 0° 0 [0.28, 0.44] 180°
4) Wrist rotation 0° 0 0.106 [-180°, 180°]

Similar to (1), we can construct a transformation matrix
Pm

0 using the D-H parameters for the robot (Table II), and
concatenate it with Tn

0 to get the transformation matrix
Sn+m

0 for the combined human-robot model, as shown in
(2). To account for the attachment point offset between the
human and robot, parameters for the fifth DoF in Tn

0 need
to be modified to a5 = 0.075 m, d5 = 0.016 m.

Sn+m

0 =
nY

i=1

T i

i�1

mY

j=1

P j

j�1 (2)

Fig. 7. Convex hulls of the workspace point clouds illustrating the
improvement in total reachable workspace afforded by the robotic arm
(yellow) over the natural human arm range (red).

A. Workspace Computation Results

The total reachable workspace volume is the union of
workspaces generated when a mechanism undergoes its
full RoM. It is estimated using a Monte-Carlo sampling
procedure as proposed in [21]. Each joint variable, ✓i or di is
drawn from a Beta random distribution, ✓i, di ⇠ Beta(↵,�),
where the distribution parameters ↵ and � are determined
based on the RoM for each DoF. This reduces the sparsity
of points at the ends of the joint space range. We use the full
RoMs for both serial chains in (1) and (2) to obtain the sets of
points in 3D, (xH

i
, yH

i
, zH

i
) and (xR

i
, yR

i
, zR

i
), that constitute

the total reachable workspace volumes of the human arm
model and combined human-robot model respectively. To
compute the volume, these point clouds are sectioned into
2D slices along the Z-axis, and numerically integrated using
a trapezoidal method:

V = h[
sX

i=1

Ai �
1

2
(A1 �As)] (3)

Here h = [zmax�zmin]/s is the step size with s steps, and
Ai is the area of the ith slice. The simulations are performed
using a URDF model of the robotic arm and an articular 34-
DoF model of the human body, adapted from [22]. The total
reachable workspace volume is enhanced from 1.003 m3 for
the human arm alone, to 3.467 m3 while wearing the robotic
arm, an increase of 246%, shown in Fig. 7.

IV. EVALUATION OF OPERATING LOADS

For a person to wear the robot for prolonged periods of
time, we need to consider the bio-mechanical load on the
wearer. In the following section, we provide an evaluation
of our design with respect to that load. In direct trade-off
to the bio-mechanical requirement, our design goal of rapid
collaborative action requires adequate power density in the
actuators. We therefore also provide an analysis of the torque
requirements on the robot’s motors.

A. Usage Scenarios

We use three indicative collaborative scenarios based on
the envisioned use of the robot discussed in Section I: picking
up an object from below the human’s workspace for self-
handover; human-to-human handover assisted by the robot

3. Biomechanics, Control,
and Stabilization

4. Autonomy


