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Quantifying Anti-Gravity Torques for the
Design of a Powered Exoskeleton

Daniel Ragonesi, Sunil K. Agrawal, Member, IEEE, Whitney Sample, and Tariq Rahman

Abstract—Designing an upper extremity exoskeleton for people
with arm weakness requires knowledge of the joint torques due to
gravity and joint stiffness, as well as, active residual force capa-
bilities of users. The objective of this research paper is to describe
the characteristics of the upper limb of children with upper limb
impairment. This paper describes the experimental measurements
of the torque on the upper limb due to gravity and joint stiffness of
three groups of subjects: able-bodied adults, able-bodied children,
and children with neuromuscular disabilities. The experiment
involves moving the arm to various positions in the sagittal plane
and measuring the resultant force at the forearm. This force
is then converted to torques at the elbow and shoulder. These
data are compared to a two-link lumped mass model based on
anthropomorphic data. Results show that the torques based on
anthropometry deviate from experimentally measured torques
as the arm goes through the range. Subjects with disabilities
also maximally pushed and pulled against the force sensor to
measure maximum strength as a function of arm orientation.
For all subjects, the maximum voluntary applied torque at the
shoulder and elbow in the sagittal plane was found to be lower
than gravity torques throughout the disabled subjects’ range of
motion. This experiment informs designers of upper limb orthoses
on the contribution of passive human joint torques due to gravity
and joint stiffness and the strength capability of targeted users.

Index Terms— Biomechanics, medical control systems, rehabil-
itation robotics.

I. INTRODUCTION

HEN designing devices that physically interact with hu-

mans, it is often necessary to have a model of the human
to properly regulate the desired interaction. It is beneficial if
the model of the human can be scaled between users based on
simple measurements such as height and weight, because it can
be time intensive to measure all of the properties for each sub-
ject. When the subjects have limited strength, as in this study,
the model needs to be accurate enough to be used to detect the
user’s intention. This paper investigates the biomechanics of a
subset of pediatric patients with limited strength, to determine
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Fig. 1. Children wearing two versions of the passive WREX. Figure on left
shows the WREX attached to a wheelchair, and figure on right shows attached
to a body jacket for kids that are ambulatory.

T

Lower arm

Fig. 2. Model of upper limb as two rigid links with given variables. The sym-
bols ¢; and ¢- are the shoulder and elbow angles, 7; and 7= are joint torques,
m, g and mog are the gravity forces, and F'y, F'y, and 75 are the measured forces
and torque between the human and the measuring device. The force sensor is
located at the origin of the force vectors.

if a generic model can be constructed for the use in a pow-
ered upper extremity orthosis that assists people with muscular
weakness to perform activities of daily living. A passive arm
exoskeleton has already been developed and commercialized by
this group [1], [2]. The device is called the Wilmington Robotic
Exoskeleton (WREX), which is a gravity-balanced upper limb
orthosis for children with muscular weakness present in condi-
tions such as muscular dystrophy (MD) and spinal muscular at-
rophy (SMA). The WREX has four degrees-of-freedom to allow
full range of motion and is assisted by gravity-balancing elastic
bands [2]. The WREX can be attached to a wheelchair or to a
body jacket. A picture of a currently passive WREX is shown
in Fig. 1.

The WREX is designed to counter balance the gravitational
load of the arm. Hitherto, the arm was assumed to be simple
rods with pinned joints and negligible joint resistance. The cur-
rent study was undertaken to determine how accurate that as-
sumption is. What are the passive forces in the sagittal plane
for people with neuromuscular disabilities and how different are
they from those of people without disabilities? This information
will determine exactly how much contribution from a powered
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TABLE I
SUBJECT GROUPS

Adult | Children | Children with Disabilities
Number of Subjects (N) 5 5 5
Age (yr) | 25—50 | 13—19 13-18
Condition | Normal | Normal | SMA, MD, Arthrogryposis
TABLE 11

COEFFICIENTS FOR THE BEST-FIT, THIRD-DEGREE POLYNOMIAL OF NORMALIZED JOINT TORQUES

Adult Typical Children All Typical
Shoulder Elbow Shoulder Elbow Shoulder Elbow
P00 —0.000992 —0.00401 —0.00420 —0.000513 —0.00259 —0.00226
P10 0.000510 0.000149 0.000467 4.41 x 1075 0.000488 9.66 x 10~
P01 0.000128 0.000314 0.000219 0.000148 0.000173 0.000231
poo | —3.43 x 1076 | —1.08 x 1076 | —2.67 x 106 —1.41 x 107 | —3.05 x 1076 | —6.13 x 107
p11 | —2.79x 1076 | —2.77 x 1076 | —3.09x 1076 [ —535x 1077 [ —2.94 x 1076 | —1.65 x 1076
poz | —1.14 x 1076 | —3.18 x 1076 | —2.29 x 10~6 —1.33x 1076 | —1.71 x 1076 | —2.25 x 106
P30 4.50 x 109 2.25 x 109 1.56 x 1079 [ —3.65 x 10-10 3.03 x 1079 [ 9.43 x 10~10
P21 1.14 x 1078 7.11 x 10—9 1.24 x 1078 | —6.55 x 10~10 1.19 x 108 3.22 x 10—9
P12 1.14 x 1078 8.62 x 109 8.83 x 109 3.66 x 10~10 7.62 x 109 4.49 x 10—9
po3 6.40 x 109 1.00 x 108 7.63 x 10~9 3.57 x 109 5.05 x 10~9 6.82 x 10~9
190,
-8 | Average Normalized Shoulder Torque  Average Normalized Elbow Torque
2% e, - Elbow Arm Trough Adults Adults
Shoulder . \L'\::"Z‘

Force Sensor

Fig. 3. Measuring device with lockable joints at the shoulder and elbow with a
force sensor attached to the arm trough. The subjects forearm is strapped to the
arm trough and locked at various positions.

exoskeleton is required. Of particular importance is the proper
characterization of the passive joint torques at the human elbow
and shoulder.

Much work has been done to model the human upper arm
[3]-[5]. In particular, several studies have created models for
humans interacting with exoskeletons [6]-[8]. However, these
models are for normal subjects and do not account for altered
biomechanics of people with neuromuscular disease. This paper
summarizes a series of experiments to measure the passive static
joint torques and maximum active joint torques a person with a
disability can apply through the range of vertical motion. Some
work in modeling various disabilities, particularly those of in-
terest to this study, namely SMA, arthrogryposis, and MD, was
completed previously. Modeling has been done on the shoulder
of patients with tetraplegia [9]. Work has been done on elbow
joint properties in Duchenne muscular dystrophy [10], as well
as investigating electromyographic activity as it relates to upper
limb movement in MD [11]. One group investigated the differ-
ences in gait between patients with SMA and MD [12]. Sun-
negardh ef al. investigated the strength of normal children aged
8 and 13 [13]. Mathur ef al. studied the time-dependent linear
decrease in muscular strength of subjects with Duchenne mus-
cular dystrophy [14]. However, the results of these studies are
not sufficient to model a subject for control of an upper limb
exoskeleton. Therefore, this study was conducted to obtain a
preliminary understanding of differences between upper limb
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Fig. 4. Average joint torques normalized to subjects’ weight and arm length.
The arm figures in the upper left graph represent the arm configuration of each
section of the graph. The left column is for the shoulder and the right column is
for the elbow. The top two graphs are for adults, middle two for children, and
bottom two for both groups combined. The dots are data points. The surface is
the best fit polynomial.

properties between adults, healthy children, and children with
SMA, arthrogryposis, and MD. The end goal is to obtain a robust
model that can be used to control a powered assistive device.
The controller proposed for our powered orthosis uses residual
force input from the user as a measure of his or her intention.
The force sensor measures the gravitational load as well as the
voluntary force of the user. The ratio of voluntary to gravitation
force is very small for weak individuals; therefore, it becomes
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Fig. 5. Cross section of average joint torques normalized to subjects’ weight
and arm length. Left column is with the elbow locked at 0°. The right column is
with the shoulder locked at 90°. The arm figures provide visual representation
of the arm orientation. The grey line is the torque expected from the two link
lump mass model.

important to accurately characterize the passive forces (gravita-
tional and passive joint resistances) to better measure the volun-
tary component. The anthropomorphic model used in this study
is based on a person’s height and weight and only applies to
people without disabilities [15]. Once a general pattern of pas-
sive joint torques for people with neuromuscular disabilities is
determined, it can be used to modify the torques derived from
anthropometry.

II. JOINT TORQUE MEASUREMENTS

A. Human Model

The initial model for the human arm was a two-link lumped
mass model with pin joints shown in Fig. 2. The model was
limited to the sagittal plane. The sagittal plane is the only plane
where the WREX provides assistance. The other two joints act
in the horizontal plane and are passive. Values for segment mass
and center of mass were obtained from anthropomorphic ta-
bles based on the subject’s height, weight, and limb segment
lengths [15]. However, initial testing showed that this model
was not accurate compared with experimental values. There-
fore, the shoulder and elbow joint torques in the vertical plane
were measured to quantify that difference.

B. Experimental Protocol

The procedure was approved by the Nemours Institutional
Review Board. Consent forms were obtained from all subjects
over the age of 18 years. Assent forms were obtained from sub-
jects less than 18 years along with parental permission. The sub-
jects were divided into three groups. Each group had five sub-
jects. This institution treats patients less than 21 years of age;
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Fig. 6. Normalized joint torques due to gravity of children with disabilities.
For each subject the top graph is for the shoulder and the bottom graph is for
the elbow.

therefore, for the purpose of this study they are put into one
group. The three groups were: 1) normal adults over the age of
21 years with no disability of the upper limb, 2) typically devel-
oping children aged 7-21 years with no disability of the upper
limb, 3) children aged 7-21 years with either MD, SMA, or
arthrogryposis. Table I summarizes the three subject categories.
For each subject, several body measurements were taken, in-
cluding height, weight, upper arm length, and lower arm length.
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Fig. 7. Cross section of passive joint torques normalized to subjects weight and
arm length. The typical children are averaged and shown as a solid line. Each
disabled child is shown separately and subject number corresponds to Table III.

The measuring device is shown in Fig. 3. It has two adjustable
links with lockable shoulder and elbow joints in 20° increments.
An arm trough is connected to a 6-axis force/torque sensor (ATI,
Apex, NC, USA). Only the two force directions and one moment
direction that act in the vertical plane were recorded. A wrist
splint attaches the subject’s arm to the device.

The measuring device was adjusted to fit the subject, who sat
in a chair or in a powered wheelchair. The subject’s forearm was
attached to the trough using a wrist splint with Velcro straps.
The subject’s dominant arm was used in the experiment, since
the WREX is typically used on this side. The device was locked
at a maximum of nine shoulder joint positions from 10° to 150°
from the vertical in 20° increments and eight elbow joint po-
sitions from 0° to 140° relative to the upper arm in 20° in-
crements. This gives a total of 72 arm postures. For subjects
with disabilities, the number of postures was reduced to remain
within the comfortable range of the subject. At each position, a
reading from the force sensor was taken. This reading included
two forces along the x and y axis and a moment about the z axis.
The subject was instructed to relax to prevent misreadings from
voluntary muscle activation and were reminded to relax period-
ically throughout the experiment.

The measured force was transformed into joint torques at the
shoulder and elbow using the Jacobian transform

. F,

|:7-shoulder:| . {m sin(gz) a2 + a1 cos(qz) 1} P
T T 0 a 1 v
elbow 2 .

)
where ¢ is the length of the upper arm and a2 is the length from
the elbow to the force sensor.

For the gravitational torques of normal adults, children, and
disabled subjects, the joint torques were normalized by dividing
a subject’s torques by the product of the subject’s weight (V)
and arm length (m)

Tmeasured
Tnormalized — (2)

weight x arm length

A third-degree polynomial was fit to the normalized data for
both the adults and healthy children

7(q1,92) = Poo + Pr0q1 + Po1q2 + ]’20(]% +p11qige + Pozqg
+p30Gs + p21qiae + P2 ds + posgs (3)
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Fig. 8. Maximum applied torque data of children with disabilities. The upper
surface is for contracting the arm upwards. The lower surface is for extending
the arm downwards.

where 7 is the normalized torque fit to the data, q; is the shoulder
angle and qy is the elbow angle in degrees. For each subject,
there are two equations. One is for the shoulder and one is for
the elbow. The units are dimensionless.

It was also desirable to obtain a map of each disabled sub-
ject’s maximum upper arm strength throughout the measured
range of motion. At each position, the subject with disability
was asked to maximally push and pull against the force sensor,
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TABLE III

JOINT RANGES, MAXIMUM APPLIED JOINT TORQUES, AND AVERAGE TORQUES FOR CHILDREN WITH DISABILITIES

287

Shoulder Elbow Max Shoulder Max Elbow
Subject Condition Age Torque(N/m) Torque(N/m)
Range(deg) | Range(deg)
[up/down)] [up/down]
1 SMA 16 70 - 130 0-80 0.13 / 0.43 0.50 / 0.37
2 | Arthrogryposis | 13 50 - 110 0 - 80 12.7 / 9.71 0.72 / 3.95
3 MD 18 50 - 110 60 - 140 1.68 / 1.08 1.34 / 1.69
4 MD 14 50 - 150 0-140 2.76 / 1.94 2.14 / 1.38
5 MD 19 50 - 110 0-100 1.41 / 0.63 0.66 / 1.02

while the arm was locked. The direction of push and pull was
orthogonal to the force sensor, indicated as the y-axis in Fig. 2.
By both pushing and pulling in the y-axis direction, both a neg-
ative and positive joint torque would be required, providing a
window for each subject’s active joint torque strength. For both
pushing and pulling, a reading in the sagittal plane was taken
from the force sensor. The subjects were given several seconds
to rest between readings as the arm position was adjusted to
prevent effects of fatigue. The forces obtained while the sub-
ject was contracting were transformed into joint torques in the
same manner that the passive forces were processed. The pas-
sive gravity torques obtained in this study were subtracted from
the total applied torques for each position, resulting in the net
active torques applied by the human. The net applied torques
were sorted into maximum and minimum values and plotted.

III. RESULTS

The full range of data for adults, typical children, and both
groups combined are shown in Fig. 4. A 2-D slice of the data
is shown in Fig. 5. The left column is the average normal-
ized shoulder torque with the elbow in full extension. The
right column is the average normalized elbow torque with the
shoulder fixed at 90° from the vertical. The standard deviation
is shown in error bars.

The coefficients of the fitted polynomial in (1) for each
nondisabled group for the shoulder and elbow joint are shown
in Table II. The passive gravity data of children with disabil-
ities are shown in Fig. 6. The values were normalized to the
individual’s mass and arm length; however, the values were
not averaged because of the heterogeneity of the population.
A cross section of the passive gravity data is shown in Fig. 7,
which also contains the average of typical children for compar-
ison, shown in solid grey. The applied torque data of children
with disabilities are shown in Fig. 8. The maximum positive
torque is the light surface on top. The maximum negative
torque is the dark surface on the bottom. The surfaces between
data points are included to help visualization; however, no
curve fitting was completed. Table III provides a summary of
both shoulder and elbow joint ranges, and maximum voluntary
shoulder and elbow joint torques applied by the subject in both
directions.

IV. DIsScUSSION

For all subjects, the joint torques, as seen in Fig. 5, appear
to follow a general pattern similar to a two-link lumped mass
model, which is shown as the grey line. This demonstrates that
gravity is the dominant component of passive joint torque. How-

ever, the elbow curves have the largest deviation from the model
curve closer to the joint limits, which reflects increasing joint
stiffness. This can be seen for an elbow angle of 0° and 140°
in the elbow torque graph of Fig. 5. This is not seen in the
graphs for the shoulder, because the measurement device was
unable to reach the extreme range of motion of the shoulder.
Therefore, the effects of joint stiffness on the shoulder were not
as pronounced in this data. From Fig. 4, it can be seen that a
third-order polynomial fits the data, and the coefficients for both
adults and children have a similar relative magnitude between
groups and follow a descending pattern for higher terms. These
curves could be used for biomechanical studies and controlling
exoskeleton strength amplifiers. To estimate the passive joint
torques for a specific individual, the polynomial could be mul-
tiplied by the individual’s weight and arm length.

For all five disabled subjects, the torque curves as shown in
Fig. 7, also exhibited patterns similar to a two-link lumped mass
model, indicating gravity is the major component for subjects
with disabilities, as well. One thing to note is that all of the sub-
jects with disabilities had a lower range of motion than typically
developing children. The 14 year old subject with MD had the
greatest range of motion, followed by the subject with arthro-
gryposis. The other subjects with MD and the subject with SMA
had the smallest range. The effects of joint stiffness were much
larger than those of typical children and these effects became
more noticeable closer to the neutral position in the disabled
group. Also, a majority of the curves are above the typically de-
veloping children, because many of the subjects had MD and
had significantly higher mass on their arms than the group of
average children. There are significant differences between dif-
ferent disabilities as seen when comparing different subjects in
Figs. 6 and 7, even though all the subjects were users or poten-
tial users of the WREX. Even within the MD group, there were
significant differences between the different subjects. Since this
study was limited to three subjects with MD, it may be possible
to determine a pattern for studying a larger group that also con-
siders the progression. A pattern was not discerned from the cur-
rent study. The passive range of motion of some of the disabled
subjects was limited. This prevented us from averaging all the
data sets between subjects. This suggests that a subject-specific
model will be needed for controlling the powered exoskeleton.

All of the subjects had an absolute maximum applied joint
torque of less than 13 Nm for the shoulder joint and 4 Nm for
the elbow joint. The maximum applied torque was less than the
measured passive gravity torque for each subject, which pro-
vides a quantitative estimate of how much assistance these sub-
jects need in upper limb motion. When curling a 17 kg weight,
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the human can generate on the order of 80 Nm at the elbow,
which is far greater than what was measured in the subjects.
There was no discernible pattern or shape within or between
subjects. As a note, the subjects with the highest maximum ap-
plied joint torques were observed to have the greatest upper limb
function.

V. CONCLUSION

In forming a model of a human arm, measurements of the pas-
sive joint torques in the sagittal plane showed that a two-link
model is inadequate to describe the human arm. It was found
that normal adults and children have a similar shape in torque
differences that can be represented by a third-degree polyno-
mial. The children with disabilities in this study did not have
similar curves and could not be averaged across disabilities. A
subject-specific model is suggested. It was also found that the
disabled subjects’ maximum applied joint torques were lower
than the passive gravity torques throughout the measured joint
space and were on the order of 5% of normal voluntary torque.
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