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Abstract— Robotic systems such as exoskeletons can be ef-
fectively used in the reduction of fatigue and musculoskeletal
disorders (MSD) associated with physical tasks, but robots
which work in physical contact with humans pose problems
with user safety. A novel approach to developing intrinsically
safe robots is to use passive actuators which have the advantage
of being safer, ensuring stability, high force/weight ratios and
lower power consumption. It is however not clear how effective
an exoskeleton utilizing passive actuators would be in reducing
fatigue and the risk of MSD. This paper analyzes the benefit
of using such a system with results from dynamic simulations
and an experiment using a specially designed mechanism used
for evaluation. Results indicate that fatigue and effort could
be reduced if robot impedance is minimized. Experiments also
highlighted issues of implementing such a system into practice.

I. INTRODUCTION

Musculoskeletal disorders (MSDs) refer to conditions that
involve the nerves, tendons, muscles, and supporting struc-
tures of the body [1]. In the United States it is estimated that
MSDs account for nearly 130 million health care encounters
annually. Conservative estimates have direct compensation
costs of workplace MSDs around $20 billion, and including
indirect cost estimates raises this as high as $45 to $54 billion
dollars annually [2].

Sources of MSD include a mismatch of the task’s physical
demand and biological compatibility, repeated and prolonged
performing of tasks, and physical exertion which exceeds the
tolerance of the musculoskeletal system which is a function
of force duration, posture and motion [3]. Risk of MSD can
therefore be reduced by using robots to augment a person
performing physical labor, either to reduce the magnitude or
the duration of the load exerted on the person during the
task. Robots have been used to great effect in the reduction
of MSDs in industry, for example Intelligent Assist Devices
(IADs) [4]. Another solution are robotic exoskeletons [5],
[6], [7], [8] where the robot is worn and operates in parallel
with the operator to achieve a task. Advantages of exoskele-
tons over other robotic solutions are that they are intuitive
to use, and are capable of being operated without requiring
large and costly infrastructure. Robotic exoskeletons are
therefore suitable for assisting with physical tasks in human
domains.

Before robots can work in physical contact with humans
the aspect of human safety needs to be addressed. This is of

particular importance with exoskeletons where the operator
is physically constrained to the robot. Industrial manipulators
achieve safety by isolating robots and humans. When this is
not possible, other methods for achieving safety in physical
human-robot interaction (pHRI) are required. Controlling
robot force instead of position control can attempt to keep
interaction forces between robot and human at safe levels [9].
The controller may also limit the robot’s maximum velocity,
acceleration, static force, and dynamic power to safe levels
for human proximity as suggested by the latest revisions to
standard ISO 10218 [10]. Another approach to safe pHRI
is to design robots with intrinsic mechanical safety by such
means as reducing robot inertia, so in case of collision the
transfer of energy to the human is reduced to acceptable
safe levels. An example is the DLR series of robots [9]
which combine a light weight structure with torque sensing
and high performance actuation to achieve intrinsically safe
manipulators capable of payloads equal their own weight.
Adding mechanical compliance is another method of re-
ducing the apparent inertia of the robot by decoupling the
actuator inertia from the end effector [11]. These methods
typically increase safety at the expense of performance, since
reducing link weight can introduce deflection in the structure,
and compliance can result in slower response times, larger
settling times and increased oscillations [12].

A novel approach to developing intrinsically safe robots is
to use passive actuators. We define passive actuators as me-
chanical devices which can be actively controlled, but unlike
active actuators, can only absorb energy and cannot introduce
energy into a system (except for energy initially stored
in the device). An example of such passive actuators are
magnetorheological dampers and magnetic particle brakes.
Since passive actuators can only absorb energy then the risk
of transmitting enough energy to a human to cause injury
is reduced. Mechanically passive robots ensure stability at
all frequencies, and in the case of malfunction they do not
produce high velocities resulting in potentially dangerous
levels of kinetic energy [13]. Mechanical, electrical or control
failure could still occur using passive actuators, but because
this risk also exists with active actuators then in comparison
we consider them a safer (but possibly not as beneficial)
alternative. Passive devices can also have higher force/weight
ratios and lower power consumption compared to similar



performance active actuators. An obvious disadvantage is
that a purely passive robot cannot move against external
forces unless assisted by some other means. This external
energy can be supplied by a human operator working in
parallel with the robot by way of pHRI.

For an exoskeleton system, replacing its active actuators
with passive ones limits the robot to only providing iso-
metric forces or dynamic forces against the direction of
movement, only capable of negative work, as opposed to
positive work which is performed while providing force in
the same direction as displacement. The human is required to
provide all the positive work needed to achieve the physical
task. An example of such a system is the wearable chair
[14] which provides isometric forces allowing the device to
act as a chair, but when standing or walking the operator
provides all of the required power. Another system is the
Cobot [15] which uses an active means of mechanically
constraining relative joint velocities in a robot. This allows
the implementation of virtual walls in the work space to aid
the user, for example to help guide large loads on a Cobot
trolley [12]. Although not in exoskeleton form, such a device
still requires the user to provide the positive energy needed
to complete the task, while aiding the user through actively
controlled passive means.

What is not clear is how effective an exoskeleton sys-
tem utilizing this passive approach would be in reducing
fatigue and MSD. Physical tasks involve both positive and
negative work, but a passive exoskeleton system can only
assist with the latter. Furthermore, friction and inertia of
the robot will increase the effort required from the operator
when positive work is performed. This paper analyzes the
benefit of utilizing a theoretical passive robotic exoskeleton
to reduce fatigue and MSD during physical tasks. In section
IT a dynamic human/exoskeleton model is used to simulate
two industrial tasks. A fatigue model is used to estimate
the passive robot’s effect on the operators fatigue. Section
IIT describes an experiment in which a passive brake was
utilized to assist persons in performing a simple lifting task.
Conclusions are detailed in section IV.

II. SIMULATION

Two common industrial scenarios were chosen to simulate
a person at risk of fatigue and MSD. Scenario 1 is a person
repeatedly lowering mass m from a high to lower position,
much like a person unloading goods from a truck. The mass
is lifted at above shoulder height, brought in towards their
chest, and then placed in a lowered position in front of the
human. The human then repeats the same movements in
reverse without carrying any external mass. The movement
cycle takes 2 seconds during which the mass is lowered
a total of 0.7lm and the torso rotates 90 degrees in the
transverse plane.

Scenario 2 is a person performing a sandblasting operation
with their upper arm approximately vertically downwards
and elbow bent at 90 degrees. A force is exerted at the
hand along the forearm to replicate the reaction force of
the sandblasting nozzle. The hand is cycled in a rectangular

pattern 0.3m x 0.1m on a flat plane 0.3m in front of the user,
mimicking the sandblasting of a flat wall. The movement
cycle takes 4 seconds to complete. These two scenarios were
chosen as it is expected both would benefit from the passive
exoskeleton system, with trajectories based on observations
of persons performing similar tasks.

A. Simulation Setup

The simulation was implemented in Matlab using the
Robotics Toolbox [16]. A simplified 3DOF dynamic model
of a human was created which included torso rotation in
the transverse plane, shoulder flexion/extension, and elbow
flexion/extension. Other arm articulations were not included
since they are minimally used in the two scenarios. Length,
mass, and inertial properties of the model’s body segments
were based on published anthropometric data and equations
[17], [18], [19]. The simulation consists of a single human
arm, with the external load halved to what would be experi-
enced in both arms.

The human joint torques required for the motions of
scenarios 1 and 2 were calculated using inverse dynamics
based on the dynamic equation (1) where ¢, ¢, § are joint
coordinate, velocity and acceleration vectors, M is the joint
space inertia matrix, C represents Coriolis and centripetal
effects, G is the gravity loading, J is the robot Jacobian and
Fr is a vector of external forces in task space. Combining
joint torques and displacement, the positive and negative
work was calculated. The positive work performed by the
human is the combination of the work required to move
the external load, exoskeleton, and the user’s arm. The
only negative work performed by the human is the energy
required to move their own arm, since the exoskeleton can
support itself and the external load. In comparison, when no
exoskeleton is being utilized the amount of positive work
required is less since no exoskeleton needs to be moved,
however in negative work the user is required to support the
entire external load themselves with no assistance.

T=M(q)i+C(q, )i+ G(q) +I()"Fr (1)

A fatigue model from [20] estimated the fatigue in the
shoulder and elbow, but was modified to separate flexion
and extension motions of the joints since isolated muscles are
used. Initially the strength capacity of each motion (77) is set
to its maximum isometric strength (7},,4,) published in [21].
During the simulation when there exists a motion torque,
the fatigue model reduces the motion’s strength capacity
using (2). When there is no motion torque then the capacity
is recovered using (3). k and R are fatigue and recovery
parameters and 7' is the current motion torque. Fatigue is
defined as when any motion strength capacity is below the
strength needed to perform the task.

Tc = _(chT)/Tmaz (2)

Tc - R(Tmaw - Tc) (3)
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Fig. 1. Difference between shoulder flexion strength and required strength

in scenario 2. Fatigue is reached when difference is zero

Exoskeleton mass and inertia increase the effort required
when performing positive work. To analyze this in our
simulation we define a parameter 8 by which the mass and
inertia of the model is scaled. For 8 = 1 the exoskeleton
has zero mass/inertia, 8 = 2 the exoskeleton has the same
mass/inertia as the human arm, and § = 3 it has double.
The simulation is repeated with 5 ranging from 1 to 3. For
scenario 1, the simulation is repeated as the lifted mass m
is varied from 1 to 10kg, since 20kg (10kg per arm) is an
appropriate limit for safe manual lifting [22]. For scenario 2
the reaction force F;. is varied from 10N to 100N, with 50N
(per arm) being appropriate for this type of task [23].

B. Simulation results

In both simulated scenarios the use of the passive ex-
oskeleton was able to significantly reduce operator fatigue.
In scenario 1 with § = 2 and m = 10kg without exoskeleton
aid the person first reached fatigue in shoulder flexion after
40 seconds. With exoskeleton aid this time was increased to
82 seconds. In scenario 2 with § = 2 and F;. = 50N without
exoskeleton aid, fatigue was first reached in shoulder flexion
after 170 seconds. With exoskeleton aid this increased to 330
seconds, as seen in Fig. 1 with curves showing the difference
between the available joint strength and the strength required
to perform the task, with fatigue reached when this difference
reaches zero.

The work required from the human was reduced by utiliz-
ing the passive exoskeleton in both scenarios. For scenario
1, the largest percentage of energy saved by using the
exoskeleton was 63% when m = 10kg and 3 = 1, and for
scenario 2 was 41% when F, = 100N and 8 = 1. With large
exoskeleton inertia and low external loads, the human energy
expenditure increased indicating the system has no positive
benefit. The larger the external load the less 5 had an effect
on the energy saved. Fig. 2 shows the percentage of human
energy saved in scenario 2 by utilizing the exoskeleton for
various external loads and exoskeleton mass/inertia. The
black line indicates where the surface crosses 0%. Results
from all simulations are shown in Table I.

With the fatigue model used, if the external loads are
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Fig. 2. Reduction of human energy by using exoskeleton in scenario 2
TABLE I
SIMULATION RESULTS
Scenario 1
B m Time till fatigue Time till fatigue | Percentage of
(kg) | without exoskeleton | with exoskeleton | energy saved
1 8 182.7s 457.8s 59.8%
1 10 96.3s 214.8s 63.2%
2 152.6s 333.3s 38.5%
2 8 82.3s 170.6s 46.5%
2 10 40.1s 82.3s 52.0%
3 70.2s 38.5s 22.0%
3 8 34.1s 66.2s 33.2%
3 10 10.0s 18.0s 40.7%
Scenario 2
B | Fr Time till fatigue Time till fatigue | Percentage of
(N) | without exoskeleton | with exoskeleton | energy saved
1 50 266.8s 502.9s 34.3%
1 80 122.5s 260.9s 39.4%
1 | 100 78.4s 172.7s 41.4%
2| 50 170.3s 330.6s 16.8%
2 80 86.4s 178.3s 26.8%
2 | 100 54.3s 122.0s 30.9%
3 80 57.9s 118.1s 14.3%
3 | 100 37.8s 78.0s 20.3%

small enough, the joint torque capacity will fatigue to a
steady-state level above the maximum required joint strength,
implying that the task could be performed indefinitely. This
is because other fatigue factors such as posture discomfort
and metabolic constraints are not accounted for. In our
simulations with very small external loads results did show
that fatigue would never be reached, however it is realized
that this is not correct.

III. EXPERIMENT

To test the passive actuator concept in reality a simple test
rig was designed in which a passive actuator assisted the user
while performing a manual lifting task. A magnetic particle
brake was selected for actuation for its good force rendering



ability and low time constant [24]. Although the test platform
was highly structured and resembled an IAD more than an
exoskeleton, it allows the passive actuator concept to be
experimented without having to invest in the development of
a complete wearable robot. A control strategy was formulated
which adjusts the braking torque so that when lowering the
mass a set percentage of the load force is removed from the
user. Experiments were performed in which the forces from
the human, brake and the external load were measured for
various levels of robot assistance.

A. Experiment Setup

Fig. 3 shows the test rig. A bearing-mounted hollow
aluminium shaft fitted with a handle allows a participant
to apply force to turn the shaft. One end of the shaft
is connected to a magnetic particle brake via a planetary
gearbox. The other end is fitted with a pulley from which
a mass is suspended, and a potentiometer to measure shaft
position. When the user applies a force at the handle the shaft
turns, lifting or lowering the suspended mass. A multi-axis
load cell (ATI Nano25) measures human torque input at the
handle. Two strain gauges located on the hollow shaft allow
the torque produced by the brake and the suspended mass
to be calculated. Combining force measurements with shaft
displacement the human work input, brake assisting work,
and combined output work used to lift and lower the external
mass was calculated. The magnetic particle brake (Merobel
FAS?2) is capable of producing up to 0.2Nm braking torque
or 62.8 Watts of braking power. This type of brake is
attractive as its torque is almost linearly proportional to
the electric current applied, allowing for open-loop control.
Dimensions of the brake are 45x45x47.5mm, it weighs 200g

6 DOF load cell
pulley
N potentiometer

Fig. 3.

Passive brake test rig

and consumes a maximum of 0.5 Watts of electrical energy.
Although this device uses electrical energy during operation,
it is still passive since none of this energy is positively
transferred to the mechanical system.

B. Control Algorithm

To formulate a control function for the magnetic particle
brake we define the following parameters:

Ty Torque from human input (Nm)
Ty Torque from suspended mass (Nm)
Tpo Magnitude of brake torque (Nm)
w Shaft angular velocity (rad/s)

« Shaft angular acceleration (rad/s?)
Jo Shaft moment of inertia (kg-m?)

Taking Newton’s second law about the shaft’s axis of
rotation we obtain (4), where SIGN (w) is the direction of
shaft rotation. T'gq is always positive and proportional to the
current applied to the brake.

TH — TM — SIGN(W) X TB() = J()CY (4)

The aim of the control scheme is to reduce the force at the
handle by a set factor, while still applying a force to the user
proportional to the external load, but reduced. By defining A
as a factor of how much of the external torque is portrayed
to the user we obtain:

T = ATy ®)

Tso = SIGN(w) x [Tar(A — 1) — Joa] (6)

The control system calculates the required braking torque
from (6). If the result is negative then this indicates that a
torque from the brake in the same direction as shaft rotation
is required in order to maintain (5). Since this is not possible
with such a passive device, the braking torque is set to zero.

During the experiments participants were asked to repeat-
edly lift and lower the suspended mass, following a desired
position indicator shown on a computer screen which oscil-
lated sinusoidally at 0.05 Hz with magnitude of 60 degrees.
Each experiment lasted 300 seconds and was repeated with
A values of 0, 0.25, 0.5, 0.75 and 1. When A\ = 1 the brake is
never utilized and the entire weight of the mass is supported
by the participant at all times. When \ = 0 the brake ideally
supports all the external load during lowering of the mass.

C. Experimental Results

Initially the behavior of the system was noticeably jittery
when the shaft was either stationary or during transition
between lowering and lifting phases, see Fig. 4. To overcome
this a small bias was added to the shaft velocity measurement
before calculating Tpg. This reduced jittering when the
shaft was stationary, but was still noticeable at transition
between lifting and lowering phases with A values of 0
and 0.25. It is believed this behavior is due to the cable
suspending the mass acting as a spring, causing the brake to



TABLE I
EXPERIMENT RESULTS

A Human work Human work Total human External load Brake electrical | Estimated metabolic
during lifting (J) | during lowering (J) work (J) mechanical energy (J) | consumption (J) cost (J)
1.00 3576 -2868 6446 6332 0.00 32104
0.75 3600 -2531 6144 6405 4.19 31291
0.50 3569 -1740 5321 6317 17.42 28807
0.25 3586 -855.3 4435 6285 40.40 26373
0.00 3801 -68.38 3867 6367 72.16 25537

be quickly engaged and disengaged in response to vibration.
When A was set to 0.5, 0.75 or 1 this effect was barely
evident. The acceleration term used in (6) calculated by
taking the double derivative of shaft position contained a lot
of noise which also contributed to the jittering effect, and
was consequently ignored when calculating T'gg. This was
considered acceptable since accelerations were small during
the experiments.

A summary of the results collected from one of the
participants is shown in Table II, with results being similar
among all participants. The total human work is the sum
of the positive and absolute negative work. Using the brake
the total human work was reduced from 6446J (A = 1) to
3867] (A = 0), a reduction of 40% while requiring only
72.16] of electrical energy. With the brake deactivated the
human work was greater than the mechanical work required
to lift the mass due to friction in the device, however it was
around 2% greater indicating that friction losses were not
significant. As expected the negative work performed by the
participant reduced as A\ was changed from 1 to 0, while the
positive work did not significantly change since the brake is
not utilized during lifting. A small increase in positive work
was noticed when A = 0 due to increased effort required
to combat the previously mentioned jittering. The average
error between the desired and actual shaft position during
the experiments did not appear to relate to the amount of
assistance being provided by the brake, indicating that in the
experiments the use of the passive brake to assist the user
had little effect on their ability to control the lifting/lowering
of the mass (except for the jittering effect).

It is worthwhile noting that the efficiency of human
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Fig. 4. Jittery behavior at A =0

muscle converting chemical energy into mechanical energy
(mechanochemical efficiency) is not the same when per-
forming concentric and eccentric muscle movement, with
published efficiencies of 15% and 34.7% for positive and
negative work respectively [25]. Interestingly, other research
has shown concentric and eccentric muscle contraction to
have similar decreases in muscle strength over time due
to fatigue [26], [27]. Applying these efficiencies to the
experimental results reduces the 40% mechanical energy
saving to only a 20% metabolic saving, but it is not known
how this is reflected in the user’s fatigue.

Apart from the inherent safety, other benefits of the passive
approach is the weight and power consumption of the system.
To highlight this we compare the experimental results to
theoretical results achieved if an active actuator was used
instead. As a theoretical substitute for the brake the Maxon
RE 30 range of DC motors are chosen since they have a
similar power rating of 60 Watts. This motor weighs 238¢g
and has 87% maximum efficiency, in comparison to the
FAS2 brake which weights less yet has a braking efficiency
of 12560%. The ratio of human mechanical energy saved
to actuator mass for the brake is 12.9 J/gram. The active
motor could potentially provide all the mechanical energy
required, resulting in a ratio of 26.6 J/gram. Comparing
these values the passive approach is vastly more efficient
in providing the mechanical work saving to the user for an
equivalent electrical consumption, however it has only 48%
of the human work benefit per unit mass. It is clear that the
brake is a better solution if low power consumption is a key
requirement. Since power supplies such as batteries can be a
large proportion of a robotic system’s weight, taking this into
account then the passive approach could be more favorable
for a light weight system. If not taking this into account then
the active approach is more suited.

IV. CONCLUSIONS AND FUTURE WORK

Both the simulation and experiment showed a significant
reduction in the amount of work required in performing
certain physical tasks when being augmented with passive
actuators. Benefits increase in tasks which involve higher
levels of negative work, for example unloading goods off
a truck. Tasks which don’t involve predominately negative
work can still benefit from this approach with increases in
task duration before the person reaches a fatigued state, as
shown in simulation. The experiment validated the simulation
in showing that a saving in work can be achieved during a



task. Issues highlighted by the implementation were undesir-
able behavior at the transition between positive and negative
work, and mechanical losses in the system requiring the user
to provide more effort when performing positive work.

Observing the effect 5 had on the system showed increas-
ing exoskeleton mass reduces the benefit to the user, since
when performing positive work the user is required to move
the exoskeleton in addition to their own arm and any external
loads. If the mass is great enough then the exoskeleton will
have a net negative effect, increasing the amount of energy
required from the user when performing physical tasks. Large
exoskeleton mass also puts extra load on other parts of the
body (for example, the users legs). Mass is therefore a critical
design constraint in passive exoskeletons for reducing fatigue
and MSD.

It has been shown that a robotic system such as an ex-
oskeleton utilizing passive actuators could be used to reduce
the magnitude and duration of loads experienced by persons
performing physical tasks, and such use could reduce fatigue
and risk of MSD. Drawbacks from the passive approach are
that the user cannot be assisted during phases of positive
work, however for certain applications where the weight and
power consumption are critical design factors (such as the
case for mobile exoskeletons and similar) utilizing passive
actuators could give the system desirable properties such
as being light weight, low power consumption, and having
the inherent user safety associated with passive systems.
It is possible that utilizing passive actuators makes some
applications feasible, where using an active approach they
are not.

Future work will look at the implementation of a fatigue
model based on the fatigue of individual muscles rather than
the net fatigue around the joints of the model. This will result
in a better understanding of the fatigue, with more confidence
in the results. Simulations could also be based on actual
recorded tasks using sensors to measure motions and external
forces. Development of a passive exoskeleton will allow the
simulation results to be compared with experimental results
obtained in a similar scenario. Furthermore the benefit of
the passive system could be examined by measuring the
reduction in EMG signals or oxygen consumption of the user.
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