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ABSTRACT We present a new method for providing gravity compensation to a human or robot arm. This
method allows the arm to be supported in any orientation, and also allows for the support of a load held in
the hand. We accomplish this with a pantograph, whereby one portion of the linkage duplicates the arm’s
geometry, and another portion of the linkage contains a scaled copy of the arm. Forces applied to the scaled
copy are transferred back to the original arm. We implement these concepts with two exoskeletons: the Panto-
Arm Exo, a low-profile exoskeleton that supports the arm’s weight, and the Panto-Tool Exo that supports a
mass held in the hand. We present two linkages used for pantographs, and analyze how different linkage
dimensions and their positioning relative to the body affect the forces providing gravity compensation.
We also measured the effect of the Panto-Arm exoskeleton on fourteen subjects’ arm muscles during static
holding tasks and a task in which subjects drew horizontal and vertical lines on a whiteboard. Even though
the Panto-Arm Exo linkage geometry and forces were not optimized, it reduced the Mid Deltoid by 33-43%
and the Biceps Brachii by up to 52% in several arm postures.

INDEX TERMS Exoskeleton, gravity compensation, arm support, pantograph, electromyography.

I. INTRODUCTION

Arm-support devices that provide gravity compensation to a
human or load held in the hand have existed for more than
20 years. These generally have two primary fields of use:
in industrial settings, where workers must hold tools or their
hands in the air for extended periods of time, and in medical
settings, where individuals who lack arm strength are assisted
in raising their arms.

For industrial applications, there are two main types of
devices. The first type includes exoskeletons that solely help
workers raise their hands, and any tools they are holding, for
overhead work. Some notable examples of these include the
Ekso Bionics EksoVest [1], SuitX ShoulderX [2], Ottobock
Paexo [3], [4], and Levitate AIRFRAME [5]. These all have
a support under the upper arm, pushing up under the tricep,
and thus do not effectively support the forearm or tool if the
arm is in other postures.

The second type includes gravity compensation devices
that support a heavy (104 kg) tool or load. Some examples
include the EXHAUSS Stronger exoskeleton [6], an exoskele-
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ton from the Robomate project [7], [8], and the Lock-
heed FORTIS [9], [10]. These devices can alternatively be
mounted to a railing or other grounded surface (e.g. the Ekso
Bionics EksoZeroG [11]) instead of worn as an exoskele-
ton. Nearly all of them use a parallelogram-based gravity
compensation scheme where a spring on a diagonal allows
one end of a parallelogram to support a constant force,
even as the two ends move vertically with respect to one
another [12].

In the medical field, there are a number of mechanisms
used to passively support the weight of a person’s arm;
an excellent overview is in [13]. These are almost always
mounted to a table or wheelchair. Some notable examples
include the Wilmington Robotic Exoskeleton (WREX) [14],
which supports the upper arm and forearm separately with
parallelogram linkages and elastic bands; SaeboMAS [15],
which uses a single parallelogram linkage; A-gear [16],
which supports the whole arm with two elastic bands and
a novel linkage; Armon [17], [18], which uses a novel
linkage and several extension springs; Armeo Spring [19],
a device for rehabilitation; Freebal [20], which supports the
arm with cables from a gantry; and LIGHTarm [21], which
also includes a powered version.

VOLUME 8, 2020


https://orcid.org/0000-0002-1166-1408
https://orcid.org/0000-0002-5589-7797
https://orcid.org/0000-0002-7373-9258

J. Hull et al.: Novel Method and Exoskeletons for Whole-Arm Gravity Compensation

IEEE Access

Linkaée/
Webbing Strap

Gas Spring

Waist Belt—|

(a) (b)

Load\r

Shoulder § ! A
straps ) "‘ Handle

Force production
assembly

\

(@

FIGURE 1. (a), Picture of the Panto-Arm Exo, an arm support exoskeleton, showing its construction. (b), Picture of the Panto-Arm Exo,
showing the upper range of motion in the current version. (c), Pictures of the Panto-Arm Exo worn under a shirt. (d), Panto-Tool Exoskeleton

designed to support a load at the user’s hand.

There have also been a number of devices developed to
passively support the weight of a robot’s arm. These can
be very beneficial toward making a robot more human-safe,
as the arm’s mass can be supported by an un-powered spring-
based system, enabling smaller motors to be used at the
robot’s joints. Some examples of systems to support a robot
arm, as well as other mechanisms that provide passive gravity
compensation not specifically for a robot, are in [22]-[32].

For both rehabilitation and industrial applications, a num-
ber of powered exoskeletons have also been developed,
including many with gravity compensation [33]—[35]. There
has also been much work on gravity compensation algorithms
that can be applied to both powered exoskeletons and robot
arms [36]-[40], with a recent review in [41]. Active gravity
compensation schemes are effective in that they can sup-
port the weight of a human’s arm or a load they pick up
automatically, without adjustments from the user. However,
the addition of motors, sensors, and electronics leads to a
system that is potentially much more complicated and heavier
than a passive spring-based one.

Despite this extensive prior work, current passive arm-
and tool-support gravity compensation devices have several
shortcomings. Exoskeletons for overhead industrial work are
limited in their usefulness to situations where the worker’s
arms are nearly directly over their head. If the worker extends
their hands forward, or rotates their shoulder, then their fore-
arm and shoulder are no longer appropriately supported. The
exoskeletons that support tools are relatively large and bulky,
and may interfere with other objects in the worker’s envi-
ronment. The existing medical arm support devices almost
entirely consist of table- or wheelchair-mounted products,
preventing their use in many activities of daily living. Most
parallelogram-based devices tend to be bulky, as the parallel-
ograms must lie in a vertical plane, thereby not aligning with
the user’s elbow in most arm configurations.

We have created a novel concept for gravity compensation
that addresses many of the shortcomings in prior devices [42].
It can be made into an exoskeleton that is both light-weight
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(1.6 kg) and low-profile enough to be worn under a loose-
fitting shirt or jacket (Fig. 1(a)-(c)). The concept uses a
linkage that supports the entire arm using a single spring
or force-producing element and changes the shoulder torque
automatically as the forearm moves closer to or away from the
body. Other variants of the device can support a tool or load
in the wearer’s hand instead of or in addition to the weight of
the arm (Fig. 1(d)). In each of these cases, the linkage closely
follows the kinematics of the arm, making it suitable for an
exoskeleton. The same concepts could be used to provide
gravity compensation for a humanoid robot arm instead of
a human arm, in combination with small motors to control
each joint.

In the rest of this article, we first provide an overview
of our exoskeletons and their means of operation. We then
analyze the effects on the gravity compensation forces of
changing several linkage parameters and varying the offset
between the linkage and the body. We present the results
of mechanical experiments on one of our exoskeletons, and
human subject testing results on muscle activation changes
due to the exoskeleton.

Il. OVERVIEW AND CONCEPT

A. OVERVIEW

Our concept makes use of a single upward force on the
forearm in conjunction with the shoulder to support the arm’s
weight, similar to the derivation by Herder et al. [43] and
used by a number of devices such as the SaeboMAS [15]
and Armon [17] arm supports. We provide a brief explanation
following the diagram in Fig. 2(a). The center of mass of the
entire arm (M,yp0/eqrm) 1S ON the line connecting the centers of
mass for the upper arm (m,pperarm) and forearm (myforearm)- If a
line, here referred to as the “Arm balancing line,” is drawn
from the shoulder through the whole arm center of mass,
it intersects the forearm at the ‘“‘arm support point,” which
lies fairly close to the elbow. If the appropriate upward force
is provided to the arm at the arm support point, then the arm
will be perfectly supported by the shoulder and that force.
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FIGURE 2. (a), Variables showing how the arm can be fully supported by the shoulder and a single balancing point located on the forearm. (b), Geometry
of a Class 1 pantograph implemented with a four bar linkage. (c), Geometry of a Class 3 pantograph implemented with a four bar linkage. (d), lllustration
of how the pantograph point and arm support point maintain the same ratio of distances as the elbow moves. The drawing also shows a virtual forearm
segment: the load pantograph point follows the red dashed line as the elbow angle changes. In (b) and (c), the biological arm is shown by a shaded light
gray region; in (b)-(d), the pantograph arm is shown by a darker gray region.

Note that this holds true regardless of the arm’s elevation
(shoulder flexion or abduction) and the rotation of the arm
around the arm balancing line. In this analysis, the shoulder
is assumed to be a spherical joint.

We extend this reasoning to a mass held in the hand, such
as a box or tool. In this case, we assume the mass is a point
mass (Mjyqq), and so the “load support point™ is at the hand
and the ‘““load balancing line” intersects the hand. As with
the arm, if an appropriate upward force is provided at the
load support point, the mass will be balanced independent
of its rotation around the load balancing line. In general,
we would like to provide gravity compensation both to the
arm (and any mass distributed along it, such as the exoskele-
ton itself or other protective apparel) as well as a load in the
hand.

B. PANTOGRAPHS

To achieve the behavior of an upward force at the arm sup-
port point and/or the load support point independent of the
arm’s configuration, we use a three-dimensional pantograph
mechanism. Pantographs have been used since the 1600s as a
means of making a copy of a letter while writing it [44], and
some groups have used pantographs for gravity compensation
in conjunction with masses [45] or with springs for each of
the upper arm and forearm [46]. In general, a pantograph will
duplicate the motion of one part of a linkage with a second
part of the linkage. It is possible for one part of the linkage
to be scaled with respect to the other part, thereby creating
a transmission ratio between the two copies. In our case,
we use pantographs to create a scaled copy of the biological
arm. One part of the linkage is aligned with the arm, and
the second part duplicates the arm’s geometry and motion but
on a smaller scale. We then apply forces to the scaled copy,
and the pantograph linkage transmits these forces back to the
arm to provide gravity compensation. Detailed diagrams can
be seen in Fig. 2(b)-(d). In our implementation, we have used
a parallel four-bar linkage to create the pantographs, although
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other methods are possible, for example creating two copies
of an arm connected by pulleys and cables [42].

One possible instantiation of this concept is when the
pantograph is configured as a Class 1 lever (Fig. 2(b)), which
we refer to as a Class 1 pantograph. There is a fulcrum,
which acts as both the biological shoulder and shoulder of
the scaled copy, which we call the “pantograph shoulder.”
To achieve three-dimensional motion, the fulcrum is a spher-
ical joint or equivalent combination of single-axis rotational
joints. One side of the linkage matches the biological arm,
and includes the arm support point and load support point.
On the far side of the fulcrum is the pantograph copy of
the arm, which we refer to as the *“‘pantograph arm.” In the
Class 1 pantograph, the pantograph arm is rotated 180° from
the biological arm. It has a portion corresponding to the upper
arm, between the fulcrum and the “pantograph elbow,” and a
portion corresponding to the forearm, beyond the pantograph
elbow. On the pantograph forearm there is an arm pantograph
point that falls on the arm balancing line and there is a load
pantograph point that falls on the load balancing line. In the
Class 1 pantograph, there is an upward force on the fulcrum,
and downward forces on both the arm/load support points and
the arm/load pantograph points. Note that with this linkage,
when the biological arm moves downward, the pantograph
arm moves upward, and thus is mirrored.

The pantograph can be also be configured as a Class 3 lever
(Fig. 2(c)). This topology is very similar to that of the
Class 1 pantograph, except the pantograph arm maintains the
same orientation as the biological arm. The fulcrum is on
one end, and experiences a downward force, while the arm
pantograph point and load pantograph point both experience
upward forces.

With both of the Class 1 and Class 3 linkages, forces can be
provided to either or both the arm pantograph point and load
pantograph point. Also note that we have arbitrarily called
the “fulcrum” as the point which is constrained from moving
vertically, while the arm and load pantograph points move up
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and down to accommodate the motion of the arm. In practice,
it is possible to make constructions where both the fulcrum
and pantograph points can translate vertically, for example
if constant force springs were attached to each of them. Also
note that while planar four-bar linkages are illustrated in these
diagrams, the arm support point and load support point are
located in the center of the arm and load, respectively. Thus,
depending on how the exoskeleton is constructed, there may
be an offset between the support points on the linkage and
true support points.

The behavior of the pantograph linkage as the elbow moves
is illustrated in Fig. 2(d) for a Class 3 system. There, it can be
seen that the distance from the fulcrum to the arm pantograph
point is xz,, and the distance from the fulcrum to the arm
support point is xg. With the pantograph linkage, the ratio
between these points remains constant. We define this ratio
as the pantograph ratio R:

R = X /xp (D

Since this ratio remains constant, a constant upward force
on the arm support point or load support point can be achieved
by placing a constant downward force at the arm panto-
graph point or load pantograph point, respectively. With a
Class 1 pantograph, for example, if the downward force at
a support point is Fyyppors and the downward force at the
pantograph point is Fpgu0, to have balanced moments M
about the fulcrum we must have:

M = 0: Fsupport Xfs = Fpanta Xfp ()
= Fpanta = (xfs/xf})) Fsupport =R Fsupport 3)

Thus, the forces in the vertical direction (at the pantograph
points, fulcrum, and support points) are always constant and
the linkage remains balanced regardless of how it moves.
Only one downward force is required to balance the arm’s
mass, and a second downward force can be used to support
the mass of a tool. It may be beneficial to use only one of
these points, for example if only the arm is to be supported,
or if an industrial exoskeleton supports only a tool but not the
wearer’s arm. The points can also be used in combination:
a constant force at the arm pantograph point can support
the weight of the arm and the exoskeleton, while a variable
force at the load pantograph point could support a load that is
picked up and put down.

C. MECHANICAL DESIGNS

We have constructed two prototype exoskeletons to demon-
strate the concept of gravity compensation using a panto-
graph. These are shown in Fig. 1.

1) CLASS 3 PANTOGRAPH EXOSKELETON

We created an exoskeleton based on a Class 3 pantograph to
support the arm’s weight. We call this the ‘‘Panto-Arm Exo,”
which is short for Pantograph Arm Support Exoskeleton, and
it is shown in Fig. 1(a)-(c) and Fig. 3. The exoskeleton is
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FIGURE 3. Details of the mechanical design of the Panto-Arm Exo, which
has a Class 3 pantograph.

based around a four bar linkage with the topology shown
in Fig. 2(d). This linkage uses a ‘““virtual” bar to act as the
forearm segment of the pantograph, in that there is no link
directly connecting the pantograph elbow to the arm panto-
graph point; instead, a point on the link parallel to the upper
arm follows the correct trajectory of the arm pantograph
point. The motion of this point is shown by the red dashed
line. For comparison, in Fig. 2(c) a mechanical link rotates
around the pantograph elbow. There are several benefits of
the construction in Fig. 2(d) with the virtual bar. First, the four
bar linkage can be composed of links stacked in the pattern
shown in Fig. 2(d), which leads to the linkage being able to
rotate a full 180° and the arm pantograph point being located
on the bottom of the stack of four bar links. Thus, there is a
full range of motion and the force-producing element beneath
the linkage is unobstructed. It is also possible to achieve a
full range of motion with other stacking orders of the links,
but the mechanism geometries are slightly more complicated.
Second, the arm pantograph point may be relatively close
to the pantograph elbow. Placing the arm pantograph point
as in Fig. 2(d) provides additional space for bearings to be
mounted to the two links. Finally, with this construction,
the arm pantograph point does not rotate as the forearm
moves, but instead translates through an arc while keeping
its orientation. This may make it easier to create a joint that
connects it to a force-producing element underneath it. The
down side of this construction is that only the arm pantograph
point or load pantograph point, but not both, can be included
in the linkage without excessive complexity.

In our exoskeleton, the four bar linkage was made of 6 mm
thick aluminum bars, and the pivots were made with ball
bearings. It has a pantograph ratio of 6, with a distance
of 24 cm between the fulcrum and arm support point and a
distance of 4 cm between the fulcrum and arm pantograph
point when the arm is fully outstretched. Attached to the
four bar linkage are arm cuffs to connect to the user’s arm.
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These are positioned both above and below the elbow, and
were made as long as reasonable (20.2 cm in the direction
parallel to the arm) to keep the exoskeleton linkage aligned
with the arm. The use of an arm cuff on each side of the
elbow helps keep the elbow aligned with the pivot on the
linkage. To create an upward force on the arm pantograph
point, we use a gas spring with a strength depending on
the wearer’s weight (SUSPA Model #s C16-14873 or
C16-14874, with initial forces of 88.9 N or 133.4 N and maxi-
mum forces of 112.6 N or 169.0 N, respectively). A gas spring
was chosen because it can have a large travel with a force
that is approximately constant (typically varies by <30%) and
it has a package convenient for mounting. Between the gas
spring and the four bar linkage there is a joint composed of a
revolute joint attached to the linkage followed by a ball joint
connected to the gas spring. The gas spring’s axial rotation
also acts as a roll degree of freedom. On its lower side,
the gas spring is connected to a 23.3 cm wide x 12.2 cm
tall x 1 mm thick plate mounted to an elastic waist belt. The
plate is backed by 1 cm thick foam to provide cushioning
for the wearer. To create a downward force on the fulcrum,
a webbing strap with a buckle connects the fulcrum to the
plate on the waist belt. The webbing is flexible in all direc-
tions, making the location where it connects to the fulcrum act
as a spherical joint. Additionally, its connection to the metal
at the fulcrum permits rotation through the use of a grommet
in the webbing. The buckle allows the entire exoskeleton to
be adjusted in height for different size wearers simply by
lengthening or shortening the webbing; the gas spring will
expand or contract to be the correct length.

A bent piece of metal is connected to the end of the planar
four bar linkage, curving down 5.4 cm to where the webbing
strap was attached at the fulcrum. This was so that the fulcrum
would occur on the line passing through the center of the arm
(i.e., several centimeters above the planar four bar linkage)
and through the pantograph point on the exoskeleton, which
is collocated with the joint between the gas spring and four
bar linkage. This line is labeled the “‘exoskeleton balancing
line” in Fig. 3, as it is angled with respect to the arm and
thus does not coincide with the biological arm balancing line.
Even though the exoskeleton balancing line is not coincident
with the arm balancing line, the pantograph geometry still
acts to duplicate the motion of the arm and create an upward
force at the arm support point.

2) CLASS 1 PANTOGRAPH EXOSKELETON

Our Class 1 pantograph exoskeleton, the “Panto-Tool Exo”
(short for Pantograph Tool Support Exoskeleton), is shown
in Fig. 1(d). It is designed to support heavy loads at the
hand, but does not support the arm or exoskeleton structure.
The exoskeleton consists of a waist belt, frame plate on the
wearer’s back, and shoulder straps to secure the exoskeleton
to the back. The exoskeleton fulcrum is connected to the
frame plate with three single-axis rotational joints: a joint
with a vertical axis on the frame plate, a joint with an axis
pointing toward the wearer’s torso parallel to the ground, and
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FIGURE 4. Diagram of the mechanism providing force for the Panto-Tool
Exo, a Class 1 pantograph.

a joint parallel to the upper arm. Together, the three joints act
as a roll-pitch-roll joint and provide three degrees of freedom
at the shoulder. The fulcrum’s location is several centimeters
behind the wearer’s shoulder. The four bar linkage extends
along the wearer’s arm but is not attached to the arm; a handle
near the end allows them to grasp it.

A downward force at the back is provided by a gas spring
and lever arm, illustrated in Fig. 4. The mechanism includes
alead screw and motor, so the lower end of the gas spring can
be moved along the lever arm, changing the force. When the
gas spring is moved very close to the pivot between the frame
plate and lever arm, the gas spring has a very small moment
arm and creates zero force. For heavy loads, the gas spring
can be moved closer to the end of the lever arm. The end of
the lever arm is connected to the load pantograph point on the
exoskeleton with a piece of webbing.

With a gas spring that has an initial force of 900 N and a
maximum force of 1200 N (Kaller Model # R19-100 Yellow),
the exoskeleton is able to support a mass of 10 kg at the hand.
The exoskeleton uses a pantograph ratio of 6, with a distance
from the hand to the fulcrum of 70.4 cm and a distance from
the fulcrum to the load pantograph point of 11.7 cm when the
arm is fully outstretched.

Ill. ANALYSIS

We performed analysis of both the Class 1 and Class 3 panto-
graph topologies, determining the forces on the arm support
point or tool support point as the wearer adopted several poses
and as they moved their shoulder or elbow. This analysis was
repeated as several mechanical parameters of the exoskele-
tons were adjusted, showing the trends in force production
and sensitivity of the results to the exoskeletons’ geometry.
We additionally calculated the locations of the arm support
point for different sized humans.

A. ARM SUPPORT EXOSKELETON ANALYSIS

1) ARM LENGTH AND CENTER OF MASS SENSITIVITY

The optimal exoskeleton would support the user’s arm
directly at the arm support point. Different people will
have different arm support points, and determining the arm
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FIGURE 5. Representation of the exoskeleton for the Transverse Plane
Elbow Sweep. The upper arm and forearm lengths for the 95th and s0th
percentile Male and 50th and 5th percentile Female are shown as thick
gray lines, aligned at the elbow. These percentiles show the full range of
human arm sizes. The centers of mass (COM) of the forearm and upper
arm are plotted on the thick gray lines with different symbols as indicated
in the figure legend. They are connected by a red line, on which lies the
whole-arm center of mass. The arm balancing line is shown with a blue
line that extends from the shoulder (symbol at the far left of the upper
arm segment) through the whole-arm center of mass and to the forearm.
The intersection of the arm balancing line with the forearm is indicated
by another symbol. The arm lengths are taken from [47], and the center of
mass locations and arm balance lines are calculated using values

from [47], [48]. The geometry of our Panto-Arm exoskeleton is also drawn
on the diagram, with thin gray lines, an asterisk indicating where it
pushes up on the forearm (Model Support Pt.), and a blue dashed line
indicating its balancing line.

support point requires knowing the center of mass of the arm,
which is not easily measurable on live subjects [48]. To gain
understanding of the range of arm sizes and locations of the
arm support point on different individuals, we plotted the arm
lengths and the centers of mass of the arms for the 5th 50th
and 95 percentiles in both males and females ( [47], [48])
in Fig. 5. In the figure, the upper arm and forearm links are
shown with the thick gray lines, with different shades of gray
for different sizes of person; the 5 percentile female has
the shortest set of lines, and the 95 percentile male has the
longest set of lines. These are shown aligned at the elbow.
For each size individual, the center of mass of the forearm is
shown with a red symbol on the forearm link, and the center
of mass of the upper arm is shown with a red symbol on the
upper arm link. These centers of mass are connected with a
light red line (““COM Line”), and the center of mass of the
entire arm is shown near the center of this line. A blue symbol
is drawn at the shoulder for each individual, and a blue line
extends from the shoulder through the whole-arm center of
mass. This blue line is the arm balancing line, and the location
where it intersects the forearm (marked with a blue symbol)
is the arm support point.

Shown in Fig. 5, the arm support points are relatively close
to each other even with widely different sizes and weights of
a user. The arm support point for the 5" percentile female
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TABLE 1. Various parameters for different percentiles (PCTL) of males
and females. These include: arm length from the shoulder to the wrist
(Arm Length); distance from the elbow to the arm support point (Forearm
Support Dist.); and upward force required at the arm support point to
provide gravity compensation for the arm (Arm Support Force). The arm
lengths are taken from [47], and the forearm support distance and arm
support force are calculated using values from [47]-[49].

‘ Males | Females |

Arm Forearm Arm Arm Forearm Arm

Length Support Support Length Support Support

PCTL (cm) Dist. (cm)  Force (N) (cm) Dist. (cm)  Force (N)
sth 73.7 17.1 21.8 66.9 15.5 17.8
50t 80.3 18.7 30.5 73.5 17.2 252
95t 87.7 20.5 44.9 80.7 18.8 40.3

180°
o

9elbow ( 1 800 A

eshoulder

N
<

L]

(a) (b)

FIGURE 6. (a), Transverse plane elbow sweep. (b), Frontal plane shoulder
sweep.

(50.2 kg, 1.50 m tall) and 95" percentile male (124.1 kg,
1.88 m tall) are only 5 cm away from each other, suggest-
ing that the geometry of an exoskeleton could be possibly
kept constant on the forearm and fit all users. Of course,
the upward force required varies substantially between these
different users, as specified in Table 1.

Also drawn on this figure is the geometry of our Panto-
Arm exoskeleton (thin gray lines). Our exoskeleton was not
optimized when it was designed, and supports the forearm at
a point much closer to the elbow than any of the biological
arm support points.

2) OVERVIEW OF SWEEP SIMULATIONS

The forces exerted by the Panto-Arm exoskeleton were simu-
lated for two different arm motion sweeps, as shown in Fig. 6.
For the two arm sweeps it is assumed that only three forces act
on the exoskeleton: a downward force at the fulcrum created
by the webbing strap, an upward force at the arm pantograph
point generated by a gas spring, and the reaction force at the
arm pantograph point. In the model, all of the arm weight is
supported at the shoulder joint and the arm support point at
the center of the forearm cuff. This is a simplification of the
exoskeleton, as in reality some forces are transmitted between
the upper arm cuff and the arm.

The first arm sweep, which we refer to as a “transverse
plane elbow sweep,” (Fig. 6(a)) is with the arm remaining
in a shoulder-height plane parallel to the transverse plane.
The upper arm remains pointed to the side from the torso
parallel to the frontal axis, and the elbow extends from 0°
(fully extended) to 150° (fully flexed), remaining in the plane.
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The second arm sweep, which we refer to as the ‘““frontal
plane shoulder sweep,” (Fig. 6(b)) is with the arm straight
(elbow fully extended) and always in the frontal plane. The
shoulder moves from 0° (fully adducted) to +180° (fully
abducted).

The values for the variables used in the simulations were
set to correspond to the lengths of our exoskeleton when
it was adjusted to fit one of the researchers. The simulated
pantograph ratio is the same as the exoskeleton (R = 6).
All simulations were performed using MATLAB (The Math-
Works, Inc., Natick, MA, USA).

In the simulations, a gas spring was used with a force
according to (4), which is taken from [50]. In the equa-
tion, Fy,ing is the force of the gas spring for a displace-
ment (stroke) of s, Fj;; is the initial (uncompressed) force
of the gas spring, Fe,g is the maximum (fully compressed)
force of the gas spring, and sy, is the maximum stroke. The
gas spring parameters were determined by the spring used in
the physical design: Fi,;; = 133.4 N and Fe,q = 169.0 N.

Smax

%w@ﬂ%'MW+G—M) )

3) TRANSVERSE PLANE ELBOW SWEEP

The basic geometry of the exoskeleton for the transverse
plane elbow sweep is shown in Fig. 5. Forces are applied at the
fulcrum, arm pantograph point, and arm support point. The
directions of the forces at the fulcrum and arm pantograph
point are determined by the positions of both the top and
bottom of the webbing and gas spring, and thus are not
perfectly vertical. Additionally, these forces are not directly
applied to points in-plane with the four bar linkage, but are
offset below the main links as with the real device.

Fig. 7 shows how the vertical and lateral force output at the
arm support point changes as the position of the lower end of
the webbing strap is adjusted laterally from a zero-point that
sits beneath the pantograph elbow, as shown in the inset. The
curves corresponding to our Panto-Arm Exo’s geometry are
shown by a black dashed line.

4) FRONTAL PLANE SHOULDER SWEEP

Simulations were also performed for the frontal plane shoul-
der sweep. The exoskeleton was simplified to the vector
representation of the geometry shown in Fig. 8. The repre-
sentation maintains the positions of the webbing strap, gas
spring, fulcrum, arm pantograph point, and arm support point,
while simplifying the four bar linkage. The lower ends of the
webbing strap and gas spring are referred to as the “webbing
base’” and ““‘gas spring base,” respectively. Because the elbow
never bends for the frontal plane shoulder sweep, the planar
linkage bars are restrained to be in-line. These bars are labeled
the ‘““arm base,” which is the top of the planar four bar
linkage on which the arm rests. Additionally, the location of
the shoulder is specified. Note that in the diagram, the line
connecting the fulcrum and arm pantograph point is labeled
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FIGURE 7. Results from the transverse plane elbow sweep of a

Class 3 pantograph exoskeleton, where the lower end of the webbing is
moved horizontally. Numbers on the lines indicate locations of the lower
end of the webbing strap, in centimeters. The zero position lies directly
below the pantograph elbow joint. (a) shows support point force in the
upwards vertical, or +Z, direction, while (b) shows support point force in
the +Y or lateral direction.

Y-Force on the arm support point (N)

the “‘exoskeleton balancing line” instead of the ‘“‘arm bal-
ancing line,” because it is at an angle with respect to with
the biological arm, as occurs with the actual exoskeleton. For
each of the simulations, the bar lengths and various offsets
were matched to those of the actual exoskeleton, except as
specified.

In each frontal plane sweep, the shoulder angle Og;ouider
is varied from 0° to 180°, following the angle conventions
in Fig. 6. The arm and exoskeleton structure attached to
the arm rotate about the shoulder point for each value of
Oshoulder, and the resulting forces at the arm support point
are calculated. To understand how the different parameters
affect the resulting forces at the arm support point, sensitivity
analyses were done for select parameters.

Fig. 9 shows the effect of altering the angle of the exoskele-
ton balancing line relative to the arm base, as shown in
the inset on the figure. In this simulation, we consider both
a realistic gas spring as well as one with a potentially

VOLUME 8, 2020



J. Hull et al.: Novel Method and Exoskeletons for Whole-Arm Gravity Compensation

IEEE Access

Arm base
— Arm support point

Gshoulder — —

-

Exoskeleton balancing line
Arm pantograph point

Fulcrum

\Gas spring

T— .
Webbing base Webbing strap

\b/Gas spring base
1

FIGURE 8. Representation of the exoskeleton for the frontal plane
shoulder sweep simulations.

infinite travel. Gas springs have physical limitations prevent-
ing over-extension and over-compression; in the figure, dark
lines indicate curves corresponding to the physical travel
limits of the gas spring, and lighter lines show the force
outputs following the same gas spring equation but without
restrictions on the travel distance. As can be seen, this vari-
able influences both the magnitude of the forces in the Y and
Z directions, as well as the location of the peak force.

The exoskeleton was also evaluated by manipulating the
Y-distance from the webbing point to the side of the user,
dyebbing,y> With the results in Fig. 10. This is analogous to a
constant-sized exoskeleton being worn by users with different
arm lengths: with the exoskeleton elbow aligned with the
wearer’s elbow, the fulcrum and arm support point lie closer
to or further from the wearer’s torso. As can be seen in the
figure, the resulting curves are nearly overlapping, indicating
that displacing the exoskeleton laterally from the shoulder has
a minimal effect on its output forces.

Fig. 11 shows the effect of moving the webbing base point
horizontally relative to the gas spring base point. Changing
this effectively manipulated the angle of the webbing with
respect to vertical, which in turn influences how much of the
force on the arm support point is in the Y versus Z directions.
In this sweep, dyepping,y i set to be —2.5 cm (to the left
of the shoulder in Fig. 8), which simulates the exoskeleton
being located somewhat behind the body, and the exoskeleton
balancing line parallel to the arm base an in line with the
shoulder, keeping all other device parameters consistent with
the actual exoskeleton. The results show that the slope of the
force in the Z-direction is strongly influenced by this value,
while in the Y-direction the curves maintain approximately
the same shape but translate vertically.

B. TOOL SUPPORT EXOSKELETON ANALYSIS
We also simulated a Class 1 pantograph exoskeleton similar
to our Panto-Tool Exo, using a model similar to that in Fig. 8.
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the Z or craniocaudal axis, while (b) shows force in the Y or frontal axis.

Y-Force on the arm support point (N)

As compared to the model in Fig. 8, in the Class 1 device
the fulcrum location is fixed and aligned with the shoulder,
whereas in the Class 3 device the gas spring extends and
compresses. Here, the exoskeleton was configured to support
the weight of a tool in the user’s hand, and simulated with a
constant force of 600 N pulling down on the tool pantograph
point (corresponding to a tool support force of 100 N, chosen
to be a round number). The force on the tool pantograph point
is simulated to always pull in the direction of a fixed *“‘pulley
point,” which could be the location of a physical pulley with
a cord passing through it.

Unlike a rigid lever, where any horizontal forces could
be supported by the fulcrum, leaving the tool forces to be
purely vertical, in our simulation we have no horizontal
forces at the fulcrum along the axis between the tool pan-
tograph point and tool support point (the tool balancing line).
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This is because, due to the four bar linkage, the distance
between the tool pantograph point and the tool support point
can change. Horizontal forces between the fulcrum and the
tool pantograph point will serve to collapse the four bar
linkage at the elbow joint. Thus, even though the fulcrum is
fixed with respect to the body, all of the horizontal forces must
be supported by the tool (or by the arm at the location of the
tool). All of the values used in this simulation were measured
from the built version of the exoskeleton as a Class 1 lever
shown in Fig. 1.

Fig. 12 shows the results of moving the pulley point
laterally, similarly to the simulation in Fig. 11 for the
Class 3 exoskeleton. The resulting curves appear similar, with
small differences in the shape of the curves due to the gas
spring’s motion and the non-constant force created by the gas
spring in the Class 3 simulation, as compared to the fixed
fulcrum and constant force magnitude in this simulation.

143152

The Class 1 exoskeleton geometry was also optimized
for flatness of the tool force in the Z direction, with the
resulting force curves for both the frontal plane shoulder
sweep and transverse plane elbow sweep shown in Fig. 13.
The results have a maximum of 10% variation in the Z-force
over the range of 45° to 135° in the frontal plane sweep.
In Fig. 13(b), note that while we simulate the transverse
plane elbow sweep up to an elbow angle of 180°, in practice
people are only able to bend their elbows to roughly 150°.
In order to achieve flatter tool force curves, the force supplied
to the pantograph arm would need to be non-constant, or a
different mechanism would be needed to keep the force more
vertical. Fig. 13 also shows the results for a force that is kept
perfectly vertical (dashed lines). These can be seen to provide
the nominal behavior for the linkage, and results in a gravity
compensation force that is purely vertical with a constant
magnitude.

IV. METHODS

A. MECHANICAL EVALUATION

In order to validate our simulations, we conducted experi-
ments to measure the Panto-Arm Exo’s force. The forces cre-
ated by the exoskeleton were measured by a force torque sen-
sor (ATT Industrial Automation FT13186 Net Force Torque
sensor) as it was moved through the same sweeps as the
simulations discussed above and as shown in (Fig. 6). The
sensor was mounted to the exoskeleton with the center of the
sensor (where forces and torques are measured) positioned
at the location where the center of the arm would lie. The
plate on the exoskeleton waist belt was mounted to a fixture.
Researchers moved the exoskeleton to a prescribed position,
then collected force/torque data with a mouse click. This
was repeated five times for each position, and the data were
averaged. Since the sensor was mounted to the exoskele-
ton and rotated as the elbow or shoulder angle was varied,
a coordinate transformation was performed to put the forces
in the global coordinates.

B. ELECTROMYOGRAPHY
A study was also completed to understand how the Panto-
Arm exoskeleton affects the activation of a wearer’s arm
muscles, using surface electromyography (EMG). The study
used a sample of 12 healthy people, including 5 females and
7 males. The participants had a mean (standard deviation)
mass of 79.6 (16.4) kg, height of 178 (12) cm, and age
of 23.3 (3.7) years. The study was approved by the Institu-
tional Review Board (IRB) of Virginia Tech (IRB # 19-074)
and all participants signed consent forms at the beginning
of the study session. None of the participants had a history
of musculoskeletal disorders relating to their arms and all
participants were able to comfortably lift 2.27 kg (5 Ibs).
The EMG sensors used were the wireless Delsys Trigno
system (Delsys Inc., Boston, MA, USA) which has a sam-
pling frequency of 1925.93 Hz, a bandwidth of 25-450 Hz,
and a differential gain of 1000. The muscles tested were
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FIGURE 11. Results from frontal plane shoulder sweep when the location
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the Mid Deltoid (also known as Lateral Deltoid), the Biceps
Brachii, the Brachioradialis, and the Wrist Flexor (Flexor
Carpi Radialis), as shown in Fig. 14(c). The methods for
placing the EMG sensors were found from Seniam for the
Mid Deltoid [51] and Thought Technology for the Biceps
Brachii, Brachioradialis, and Wrist Flexor [52].

1) PREPARATION

All of the participants were fit to the exoskeleton prior to
putting on the EMG sensors. The fitting process started
with placing the base of the gas spring in line with the
hip, rotated towards the rear by about 5 cm. There were
two pad thicknesses (1 and 2.25 cm) which were used on
the arm cuffs based on user preference. Typically partici-
pants with thinner arms preferred the thinner of the two pad
options. Next, the exoskeleton was adjusted by shifting the
waist belt relative to their torso and pelvis, both up/down
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FIGURE 12. Simulation of the exoskeleton configured as a Class 1 lever
with a constant force on the webbing. The graph shows the force on the
tool as the shoulder lift angle is varied in a frontal plane shoulder sweep.
Different curves correspond to different locations of the lower end of the
webbing, as shown in the inset. (a) shows force in the Z or craniocaudal
axis, while (b) shows force in the Y or frontal axis.

and left/right, so that the participant could move their arms
through all of the motions of the study and still feel comfort-
able and supported by the exoskeleton. The webbing strap
was also tightened or loosened to maximize user comfort and
mobility.

2) EXPERIMENTAL PROCEDURE

The participants performed Maximum Voluntary Contrac-
tion (MVC) measurements for each muscle. For the Mid
Deltoid, participants sat parallel to the table, placed their
arm to their side with their elbow bent at a 90° angle, and
aligned their forearm with the edge of the table. They then
pushed laterally away from the body and into the table. The
MVC for the Brachioradialis, Biceps Brachii, and the Wrist
Flexor were all done in one test. The participants faced the
table while seated and aligned their wrist with the edge of the
underside of the table, such that their elbows were supported
by the chair. The participants then pushed up on the table,
attempting to curl both their wrist and forearm upward. Both
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MVC tests were repeated twice and each test took 4 seconds
with the participants receiving verbal cues to ramp up to and
back down from their maximum muscle activation.

The participants then performed static and dynamic tasks
with and without the exoskeleton. The tasks and exoskele-
ton assistance were randomized according to Latin square
principles to reduce systematic error. The tests were broken
into static and dynamic tests with 20 seconds of rest provided
between each experimental condition.

The static tests all involved holding an arm position for
4 seconds repeated with and without a mass of 2.27 kg (5 1bs.)
held in the hand; the participants were asked to relax their
wrists for all of the positions. The static tasks were done with
postures as shown in Fig. 14(a). In the Arm Forward posture,
the participant held their arm in front of them, parallel to the
ground, at shoulder height. In the Arm Side posture, the par-
ticipant held their arm to the side of their chest, parallel to the
ground, and at shoulder height. In the Elbow Shoulder pos-
ture, the participant held their arm similarly to the Arm Side
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FIGURE 14. (a), static postures used when measuring the EMG signals;
(b), illustration of the motions used when measuring the EMG signals
during dynamic tests. “VLine” stands for a vertical line, “HLine” stands for
a horizontal line, and “LShld”/“RShld” stand for the lines positioned at
the left and right shoulders, respectively. (c), locations of the EMG
electrodes.

position but with the forearm perpendicular to the upper arm,
and in the Elbow Hip posture the participant held their elbow
beside their hip, with their forearm parallel to the ground.
The dynamic tests involved drawing horizontal and vertical
lines on a white board, illustrated in Fig. 14(b). The partici-
pants first stood with their arms extended and palms flat on
the whiteboard to standardize the distance away relative to
arm length. The horizontal line tasks consisted of drawing
shoulder-width horizontal lines at the top of the head, shoul-
der, and elbow heights for each participant. The horizontal
line tasks were performed for 7 seconds with a shoulder-to-
shoulder time of roughly one second. The vertical line tasks
consisted of top-of-the-head to elbow height vertical lines at
the subject’s left shoulder, sternum, and right shoulder. The
vertical line tasks were performed for 15 seconds with a top
to bottom time of roughly two seconds. A 60 bpm metronome
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was played to help the participants with timing for the line
tasks.

3) DATA PROCESSING

The EMG data was processed using MATLAB and then
transferred into JMP Pro 15 (SAS, Cary, NC) for statisti-
cal analysis. The EMG signal was first sent through a 6
order band pass Butterworth filter with a frequency band
of 20-450 Hz, then a notch filter to remove any 60 Hz noise.
The data was rectified, followed by a low pass filter with a
3 Hz cutoff to smooth the data. For each test case the mean
of the data was taken and divided by the maximum MVC
values for each of the muscles. Two and three factor repeated
measures analysis of variance (ANOVA) was performed with
an alpha value cut off of 0.05. The three independent variables
investigated with this study were Task Performed, Mass held
(for static tests only), and Exoskeleton Assistance.

V. RESULTS

A. MECHANICAL LINKAGE MEASUREMENTS

Fig. 15 shows the results of the Panto-Arm Exo measure-
ments. Fig. 15(a) shows the response to the shoulder sweep
in the frontal plane. The Arm Side position of the EMG
experiments is shown with a 5 degree band on the graph.
Fig. 15(b) shows the response to the elbow sweep in the trans-
verse plane. For reference, the Elbow Shoulder and Arm Side
positions of the EMG experiments are shown with a 5 degree
band on the graph. In each of these graphs, each experimental
data point represents the average of five measured data points.

B. EMG RESULTS

Fig. 16 shows results for normalized muscle activation with
and without the exoskeleton during the static tests. While
collectively looking at all the static tests and both masses,
both the Mid Deltoid and the Biceps Brachii showed a
statistically significant decrease in muscle activation while
wearing the exoskeleton (p<0.0001 and p=0.0097 respec-
tively). Exoskeleton Assistance did not create a significant
change for either the Wrist Flexor or the Brachioradialis.
As expected, all four muscles had significantly greater acti-
vation while holding the 2.27 kg (5 1bs.) mass as compared
to 0 kg.

For the Mid Deltoid, interaction effects between Test
and Exoskeleton Assistance show that the greatest decrease
from Without-Exoskeleton to With-Exoskeleton (averaged
across both masses) occurred during the Arm Forward
task (42.9% reduction) followed by Elbow Shoulder
(41.2% reduction). The greatest decrease from Without-
Exoskeleton to With-Exoskeleton for the Biceps Brachii was
during the Arm Forward task (51.9% reduction), closely
followed by Arm Side (51.6% reduction). The Elbow Shoul-
der posture had a slight, but not statistically significant,
increase in the Biceps Brachii activation while wearing the
exoskeleton.
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FIGURE 15. Experimental results for our Panto-Arm exoskeleton as
compared to simulations. (a) shows the shoulder sweeping through the
frontal plane, and (b) shows the elbow sweeping through the transverse
plane. For both, gray bars show where the exoskeleton’s angles
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experiment.

Fig. 17 shows results for normalized muscle activation
with and without the exoskeleton during the dynamic tests.
Similar to the static tests, while collectively looking at all
the dynamic tests and both masses, both the Mid Deltoid and
the Biceps Brachii showed a statistically significant decrease
(p=0.0040 and p=0.0020 respectively) in muscle activation
while wearing the exoskeleton. Again, there was no signifi-
cant change based on Exoskeleton Assistance for the Wrist
Flexor and Brachioradialis.

As with the static tasks, the dynamic tasks also had signif-
icant interaction effects between Test and Exoskeleton assis-
tance for the Mid Deltoid and the Biceps Brachii. The greatest
decrease from Without-Exoskeleton to With-Exoskeleton for
the Mid Deltoid was during the horizontal line at shoulder
height task (56.5% reduction), followed by the horizontal line
at head height (37.0% reduction). For the Biceps Brachii,
the greatest change between with and without the exoskeleton
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FIGURE 16. Muscle Activation for static tests with the Mid Deltoid and
Biceps Brachii. Each error bar is constructed using 1 standard deviation
from the mean.The "' represents statistical significance (p-value < 0.05)
between with and without exo condition.

was seen during the horizontal line at elbow height task
(54.9% reduction).

VI. DISCUSSION

The mechanical design measurements of the exoskeleton
matched the simulation fairly closely. One primary cause of
error in the simulation was the assumption of a shoulder point
that is uniform throughout the sweeps. On the actual human
body the shoulder joint does not have a uniform rotation
point but rather a point which itself moves as the shoulder
angle changes. The exoskeleton has a floating shoulder point
and is able to shift slightly with respect to the arm, which
accounts for this non-uniform rotation point. To simplify the
simulation, the rotation point and location on the user’s arm
were assumed to be constant and the webbing was allowed to
slightly change height near the user’s hip. In the experimen-
tal testing, this flexible hip height was duplicated; however,
due to the floating shoulder point, perfectly replicating the
simulation was challenging in some orientations, especially
for the frontal plane shoulder sweep. Another contribution to
the difference between the simulated and experimental data
is the hysteresis and static friction in the gas spring. This
was mitigated by only recording measurements when the gas
spring was compressed and not allowed to extend. Finally,
the joint where the gas spring connects to the exoskeleton has
more degrees of freedom than were modeled in the simula-
tion. Stabilizing the exoskeleton during the experiments led
to an increase in moments required for stability and a slight
change to the forces.
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FIGURE 17. Muscle Activation for dynamic tests with the Mid Deltoid and
Biceps Brachii. Each error bar is constructed using 1 standard deviation
from the mean.The "' represents statistical significance (p-value < 0.05)
between with and without exo condition.

The parameter sweep simulations indicate that several
parameters are important to achieve a flat force profile, while
others matter much less. The horizontal distance between
the lower ends of the gas spring and webbing strap for
the Class 3 exoskeleton (or the horizontal distance between
the fulcrum and the bottom of the webbing strap in the
Class 1 version) is one of the important parameters (Figs. 11
and 12, respectively). Changing this alters the degree to which
the forces on the pantograph point are vertical, which affects
the shape of the Z-forces as well as the magnitude of the
Y-forces. This parameter is also the only one that substan-
tially affects the arm support point forces in the transverse
plane elbow sweep; other graphs of the transverse plane
elbow sweep were not shown in the Results section because
they did not show substantial changes in the force profiles.
In general, the arm support forces in the transverse plane
elbow sweep are relatively constant, exhibiting variations
of less than ~20% as the elbow moves. This is because as
the elbow moves, the arm pantograph point moves relatively
little, as the upper arm remains stationary and the forearm’s
motion is the only component that contributes to the motion
of the whole arm center of mass.

The angle between the biological arm and arm support
line (Fig. 9) has a moderate impact on the arm support point
forces. For small deviations from parallel (—15° to +15°),
there are relatively small changes in the arm support point
forces (within ~ 20%), but these increase at larger angular
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deviations. Thus, locating the fulcrum and arm pantograph
point close to the upper arm is important, which can be
done by making the exoskeleton linkage flatter or providing
vertical offsets from the planar linkage to where the gas spring
and webbing connect, such that the exoskeleton balancing
line is more centered on the arm.

In contrast, adjusting the distance between the exoskeleton
and the shoulder joint (dyepping,y, With simulation results
in Fig. 10) does not cause large changes to the arm support
point forces. This indicates that the size of the exoskeleton
could be somewhat standardized instead of being custom-
built for each user. Similarly, while not specifically swept,
the distance between the fulcrum and the biological shoul-
der joint does not appear to affect the force curves very
much. This can be observed by comparing the “0” lines
in Figs. 9 and 11. The only difference between these two
simulations is the location of the fulcrum with respect to
the shoulder, and the two resulting curves are very similar.
However, the alignment between the fulcrum and shoulder
does affect the exoskeleton’s upper travel limit. As can be
seen in Fig. 1(b) and Fig. 3, when the shoulder angle reaches
around 120°, the exoskeleton reaches a singularity where the
gas spring and webbing strap line up with the exoskeleton bal-
ancing line. This prevents the arm from raising further. In our
Panto-Arm Exo, the maximum shoulder angle is high enough
to permit the wearer to touch the top of their head, suitable for
most activities of daily living. This could be further improved
by positioning the fulcrum somewhat behind the torso, as we
did in the Panto-Tool Exo.

Making the forces on the pantograph point more vertical
can also be done by other means. In our exoskeletons and
simulations the gas spring and webbing strap are mounted to
the user’s waist, and thus their lengths are determined by the
distance between the waist and shoulder. Moving their ends to
a position below the waist leads to flatter force curves, but is
not practical for an exoskeleton. Alternatively, the lower end
of the webbing can be permitted to freely move horizontally
with respect to the lower end of the gas spring (Class 3 Exo)
or fulcrum (Class 1 Exo). This could be accomplished by
connecting the webbing to a structure with several short
links in series, connected by joints that revolve around the
vertical axis to that the end of the last link can move in the
horizontal plane. Alternatively, a parallelogram linkage with
an extension spring on the diagonal could be used, as was
studied in [12]. This structure generates a constant force, and
if the length of the parallelogram’s top link is equal to the
average length of the pantograph arm, the parallelogram will
change the radius from the fulcrum as it moves up and down.
While this would not accommodate the motion of the elbow,
it would make the forces on the webbing substantially more
vertical. It can be seen in Fig. 13 that if the forces on the
webbing are perfectly vertical, then indeed the pantograph
works as expected and produces constant forces independent
of the arm’s motion. One possible extension to this work
is to use a motor to actively move the pulley point on a
Class 1 exoskeleton to different locations in the sagittal plane,
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e.g. up and down the wearer’s back [42]. In this manner,
the force vectors on the webbing could be directed to be in
a different direction than vertical. This could allow the forces
on the arm or tool to remain parallel to the gravity vector, even
as the wearer tilts their torso forward.

Alternatively, it may be beneficial in some cases to have
the forces on the arm or tool support point not be perfectly
vertical. For a tool-support exoskeleton, a small bias force
pulling the tool towards the wearer may help them control
the tool more effectively. Or, in a stroke rehabilitation applica-
tion, a small bias force extending the elbow may be beneficial
if a wearer has difficulty doing this themselves.

The EMG results matched our expectations fairly well.
The Panto-Arm Exo supports both the upper arm and the
forearm directly but does not support the hand; as such,
we expected a reduction in the muscles which support the
upper arm and forearm, but no change in the muscles that
support the hand. The EMG results showed that the Mid
Deltoid and Biceps Brachii had reductions for most of the
postures and motions evaluated. The Mid Deltoid is posi-
tioned on the shoulder, supporting the whole arm, and the
Biceps Brachii is positioned on the upper arm and supports
the forearm. In contrast, the Brachioradialis and Wrist Flexor
muscles showed little change comparing With- and Without-
Exoskeleton assistance, as expected.

The EMG results are also quite promising because the
exoskeleton used for testing was not optimized. The arm
support point was much closer to the elbow than desired
(Fig. 5), and the magnitude of the force at the arm support
point was roughly half of the force to support the arm (~ 16 N
vs. 25-30 N for 50t percentile males and females, as seen
in Table 1). Additionally, the linkage geometry resulted in
non-constant forces that were sometimes pushing the forearm
away from the body (Fig. 15). Even with these imperfections,
the exoskeleton still resulted in reductions in the Mid Deltoid
of 42% in several postures, and reductions in the Biceps
Brachii of more than 50% in the Arm Forward and Arm Side
postures.

In the dynamic tests, the Mid Deltoid showed statistically
significant reductions for the horizontal line tasks at head
and shoulder heights, with similar magnitudes to the static
tests (37-57% reductions). The Biceps Brachii only showed
a significant reduction for the horizontal line at elbow height
(55% reduction). These motions were a useful first evaluation
of the exoskeleton, but an expanded set of motions could
better represent how the arm is used during activities of daily
living.

VIi. CONCLUSION

We presented a new method for gravity compensation of
a human or robot arm, and demonstrated it with two
exoskeletons. Compared to previous work, these exoskele-
tons uniquely follow the kinematics of the wearer’s arm,
and our Panto-Arm exoskeleton is low-profile enough to fit
under a jacket. The concept for gravity compensation works
as desired, but is somewhat sensitive to the direction of the
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forces applied to the fulcrum and pantograph points. The
exoskeletons presented in this article were not optimized;
future work can be done to improve the force production
mechanisms and means of keeping the forces parallel to the
gravity vector. Finally, it would be useful to conduct future
work on evaluating these exoskeletons in rehabilitation or in
workplace environments.
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