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Abstract. Exoskeletons are wearable structures or systems designed to enhance 
human movement and to improve the wearer’s strength or agility, providing 
auxiliary support aimed at reducing efforts on muscles and joints of the human 
body. The aim of this work is to discuss on the feasibility of a new passive up-
per limb exoskeleton, based on the use of pneumatic artificial muscles, and 
characterized by extreme lightness, cheapness, and ease of use. A broad over-
view of the state of the art on current exoskeletons is introduced. Then the con-
cept of the new device is presented, and different transmission architectures be-
tween pneumatic muscle and limb are discussed. The study demonstrates the 
potential effectiveness of such a device for supporting an operator in heavy 
work condition.  

Keywords: passive exoskeleton, pneumatic artificial muscles, deformable actu-
ators, wearable systems, mechanisms. 

1 Introduction 

The exoskeleton technology originally focused on military and rehabilitation applica-
tions. In the last years, attention is paid to the application of these systems into manu-
facturing industry. The exoskeletons can be actuated actively or passively [1], de-
pending on the kind of support to be provided. Active exoskeletons require an exter-
nal power source in order to supply and control the actuation system, which could be 
pneumatic, hydraulic or electric. Due to their power consumption and battery life, 
they have reduced load capacity and poor power-to-weight ratio. On the other hand, 
passive exoskeletons cannot actively assist or control human motion but they use 
mechanical elements (like springs or dampers), which can store and release energy 
when required by the human body, without significantly increasing the inertia of the 
whole system. Even though passive exoskeletons are potentially less effective, they 
are lighter and simpler because no control is present, providing a high power-to-
weight ratio. 

Most of the devices available in the literature and on the market use electric motors 
or pneumatic muscles as actuators, and the actuation unit is usually external, or locat-
ed on the user’s back. To reduce the size and inertia of such systems, cable-based 
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actuation is often used as an alternative to separate electric DC motor for each revo-
lute joint. Cable-driven exoskeletons can also be designed to implement speed reduc-
tions with low friction forces and zero backlash [2−4]. The main advantage of these 
systems is their capability of allowing a natural motion of the shoulder complex by 
adding passives Degrees of Freedom (DoF). In other solutions [5, 6], pulleys are used 
to transmit the motion to the actuation system, although a high number of idle pulleys 
can be often required to widen the workspace, increasing the bulkiness of the device 
and the occurrence of friction related issues. Complex architectures as 7 DoF upper 
limb exoskeletons require particular attention to avoid singularities that can occur in 
some configurations. Moreover, misalignments between the human arm joint axes and 
the exoskeleton joint axes can lead to discomfort and pain and should be taken into 
account during design [7−10]. 

Thanks to their intrinsic deformability and similarity to human muscles, pneumatic 
artificial muscles (PAMs) [2] have been employed in systems interacting with human 
beings, providing safety, compliant behavior, and higher power-to-weight ratio than 
electric motors [11]. The main drawbacks of this technology are the reduced stroke, 
the high nonlinear behavior which requires sophisticated control, and the unidirec-
tional tension force. Mainly to improve the stroke of these deformable actuators, as 
well as to overcome the limitations in terms of the direction of the force exerted, sev-
eral architectures have been developed for the transmission of the motion between the 
PAM and the end effector [12−14]. Given their passive characteristics when inflated 
with pressurized air, PAMs can also be employed as passive elements within the 
structure of an exoskeleton to provide a support for the user, similarly to spring-based 
systems that use elastic components to balance the effects of gravity, reducing weight 
and volume with respect to active solutions [15, 16]. 

For industrial applications, the aim is typically to assist workers in load handling, 
repetitive movements, overhead manipulation of objects and relieving them from 
excessive physical fatigue in manual tasks, always guaranteeing the user’s movements 
and providing a relatively high shoulder flexion angle. Due to their advantages, pas-
sive devices are mostly employed. In particular, they often include passive spring-
based mechanisms and leverages to provide the assistive torque at the shoulder 
[17−21]. 

The aim of this work is to present a novel passive upper limb exoskeleton meant to 
assist the user keeping his arms in elevated position, based on a McKibben PAM, 
with a lightweight structure and simple architecture. The design of the device is pre-
sented and its feasibility is discussed by means of simulations, in particular regarding 
the different solutions adopted to convey the tension force generated by the PAM to 
the end effector placed on the arm of the user. 

2 Materials and Methods 

2.1 Original design of the exoskeleton and PAM modeling 

During overhead handling tasks, the torque created by the weight of the arms should 
be balanced by the contraction of the human shoulder complex muscles. If the user is 
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required to keep the arm lifted for a long time, a compensating device can be neces-
sary to reduce the human shoulder effort, and to hold that position. The torque due to 
gravity to be compensated can be calculated from the inertial body parameters [22], 
and it assumes a maximum value when the elevation angle θ1 of the upper arm (main-
ly in flexion) with respect to vertical position is 90° and the forearm elevation angle 
θ2 is 0° (see Fig. 1). 

 

Fig. 1. Torque due to gravity with respect to the elevation angle of the upper arm θ1 and the 
forearm flexion angle θ2. 

To verify the feasibility of the use of McKibben muscles in the exoskeleton, it was 
decided to consider the heaviest working condition, and to study the behavior of the 
system when only the elevation angle θ1 varies, while maintaining the angle θ2 of 
flexion of the forearm equal to zero. 

The torque shown in Fig. 1 (at the top), plus an eventual contribution due to exter-
nal loads exerted on the arm of the operator, should be partially or totally provided by 
the exoskeleton, depending on the application and on the physical characteristics of 
the user. The forearm was considered extended to simulate a typically laborious posi-
tion, however similar considerations can be deduced for other configurations.   

A simple representation of the device studied in this work is presented in Fig. 2. In 
the original design (Fig. 2, left), a transmission based on cable and pulley is used to 
transmit the PAM tension force to the bracelet (i.e., the end effector) located on the 
user’s upper arm. Alternatively, the fixed pulley could be replaced by a fixed passing 
point for the cable. With respect to the scheme shown in Fig. 2 (left), the geometric 
parameters a, c0, α and β are constant, so the segment c can be calculated: 

 
0 cosc c   (1) 

By neglecting the fixed pulley radius, b is the distance of the attachment point of the 
cable on the arm’s support with respect to the pulley, and it is only function of the 
elevation angle θ1. The angle γ is calculated as: 
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By calculating the semi-perimeter S and the area A of the triangle (a, b, c), the lever 
arm r of the tension force produced by the pneumatic muscle is: 

      2 , , 2r A b A S S a S b S c S a b c         (3) 

 

Fig. 2. Different designs of the exoskeleton: original design (left), cam-based design (right). 

Among the several solutions available, a commercial McKibben artificial muscle 
(DMSP-20-200N, Festo, Germany, nominal length l0=0.21 m) has been considered 
for this application. A static characteristics of the force exerted by the pneumatic 
muscle, function of the percentage contraction k and of the relative supply pressure p, 
has been produced, using the exponential function to approximate the modified Hill’s 
muscle model, through MATLAB Curve Fitting Toolbox (The MathWorks, USA) 
[23], see Fig. 3: 

   3
1 2 4 5 6

a k
muF a p a e a kp a p a      (4) 

 

Fig. 3. Static characteristics of the McKibben muscle (DMSP-20-200N, Festo, Germany) at 
different supply pressures. 
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When the arm is in its initial position at θ1=90°, the initial contraction of k1=5 % is 
chosen. Therefore, the initial length L1 is: 

 1
1 0 1 0.1995

100

k
L l m    

 
 (5) 

The muscle is pressurized at the desired pressure value, so it contracts lifting the arm 
until the torque generated by the muscle reaches the static equilibrium with the mo-
ment due to gravity. For each elevation angle θ1 of the arm, the shortening Δb of the 
wire, which is considered non-extendible, is equal to the contraction of the pneumatic 
muscle: 

      1 190b b b     (6) 

Finally, the actual length of the pneumatic muscle L and its percentage of contraction 
k can be calculated: 

    1 0 1L l b    (7) 

    1
1

0

100 1
L

k
l




 
  

 
 (8) 

By selecting different air pressure p, the tension force Fmu can be derived from Eq. (4) 
for each elevation angle θ1 and used to estimate the torque Mmu exerted by the pneu-
matic muscle about the shoulder: 

 
mu muM F r  (9) 

The matching between the device torque Mmu and the gravitational load required (Fig. 
1) is relevant for the correct functionality of the exoskeleton. 

2.2 Cam-based design of the transmission system 

With respect to the solution presented in Fig. 2 (left), an additional cam-based archi-
tecture has been studied. The adoption of a cam profile for transmitting the force of 
the actuator to the limb of the operator is aimed at approximating as much as possible 
the torque generated at the shoulder by the actuator to that created by the gravitational 
load, so as to extend as much as possible the range of the elevation angle at which the 
operation is to be performed. The cam profile and position should be selected in order 
to not disturb the user’s view and to avoid increasing the bulkiness of the system with 
respect to the original design. To this outcome, the cam profile should not exceed the 
eye position, with respect to the shoulder joint (SJ), that can be estimated from the 
literature [22]. 

The proposed architecture is based on a cam profile formed on a rigid shoulder pad 
centered on the ideal center of the SJ (see Fig. 2, right). The same pneumatic muscle 
shown in the original design is assumed. The cam design and a scheme of its imple-
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mentation in the final device have been performed mainly by graphical approach, as 
presented in Fig. 4. 

In the conceiving of the exoskeleton, it was decided to design it hypothesizing a 
working range of the elevation angle θ1 between 90° and 135°, assuming assistance 
for operations in an elevated position. This implies that to move outside this range 
(particularly in positions below 90°) the operator would have to exert a significant 
effort at the shoulder level. A non-working position below 90° could be reached by 
reducing the pressure in the actuator. 

For a defined working range of elevation angle and a nominal supply pressure (p=3 
bar), the initial lever arm ri of the muscle force has been deducted from the equilibri-
um of the gravitational load. To determine the muscle force at θ1=90°, an initial per-
centage contraction k1 of 5% has been selected. Then, the desired lever arm rf of the 
muscle force at the maximum elevation angle has been chosen, ranging between 40 
mm and 70 mm. This range was selected to limit the resulting cam radius, since a 
large cam profile could be difficult to implement in the final design. The limit values 
for rf have been selected by iterative tuning, in order to get force and contraction val-
ues that could be achieved by the PAM used, given the static characteristics shown in 
Fig. 3. The cam profile has been graphically obtained by circular arc interpolation, in 
particular by ensuring the tangency between the cable and the profile itself, for the 
initial (θ1=90°) and final (θ1=135°) configurations. Intermediate positions were ex-
trapolated from the CAD design and imported into MATLAB to calculate the muscle 
force lever arm r for each configuration between θ1=90° and θ1=135°. Similarly, the 
free cable length and the resulting percentage contraction k of the PAM were calculat-
ed as presented in Eq. (7). Finally, from Eqs. (4) and (9), the muscle tension and 
torque were respectively evaluated. 

 

Fig. 4. Cam-based architecture for rf=40 mm configuration: graphical approach to evaluate cam 
profile (left), implementation of the cam in the exoskeleton (right). 
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3 Results and Discussion 

The functionality of the exoskeleton depends on the matching between the torque 
generated by the device and the external load exerted on the arm of the operator. For 
this reason, the supporting torque provided by the actuator at the SJ was computed for 
both configurations shown in the previous section and compared to the gravitational 
load. The configurations tested are briefly resumed in the following: 

 Configuration A: original design, cable and pulley transmissions system. 
 Configuration B: cam-based transmission system, with the cam centered at the SJ. 

The original configuration (A) was tested in a “no load” condition, subjected only to 
the weight of the arm, and in a loaded condition, with a 1 kg load in the hand. The 
results of these simulations are presented in Fig. 5.  

With respect to Fig. 2 (left), the exoskeleton structure was based on the following 
geometrical parameters and condition: a=0.15 m, c0=0.2 m, α=80°, β=14°, θ2=0°. The 
loaded condition represents a typical situation in which the user is holding a tool with 
lifted arms. In this condition, the initial contraction is assumed to be 5% as for the 
unloaded condition, but it results in a lower equilibrium position as shown in Fig. 5, 
since the supporting and gravitational torques match at lower elevation angles θ1. 
However, even in the “no load” condition, the system could not fulfill one of the most 
critical specifications of this design, that is an adequate matching between the gravita-
tional torque and the one provided by the device. The difference between the torque 
profiles shown in Fig. 5 and the torque due to gravity requires an additional contribu-
tion from the operator to move the arm within the range of elevation angles selected. 

 

Fig. 5. Torque due to the weight of the arm, in unloaded and loaded condition, and torques 
exerted by the exoskeleton (configuration A) at different supply pressures. 
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The performance of the exoskeleton in the original configuration A was then com-
pared to the behavior of the system with the cam-based design (configuration B). The 
same geometrical parameters used for configuration A were selected (c0=0.2 m, 
β=14°, θ2=0°). Simulations have been made for final lever arm rf ranging from 40 to 
70 mm. The best results have been obtained for rf equal to 40 and 50 mm and are 
presented in Fig. 6. The limited mismatch between the torque profiles can be quite 
easily provided by the user, whose activity can be effectively supported by the device 
in a very extended working range. Appropriate regulation of the supply pressure can 
adapt the device action to the operating conditions.  

Between the presented solutions, configuration B is the most promising also re-
garding the reduction of the bulkiness of the system, with the cam, centered at the SJ, 
being easily integrated within a shoulder pad, without the need for a supporting bar 
(as the one shown in Fig. 2, on the left, with length a).  

 

Fig. 6. Torque due to the weight of the arm and torques exerted by the exoskeleton (configura-
tion B) at different supply pressures. Each plot refers to a different value of final lever arm rf. 

4 Conclusion 

This study demonstrates the feasibility of a passive exoskeleton for the upper body 
based on the use of a McKibben pneumatic artificial muscle. 

The exoskeleton may effectively support an operator that must perform a task with 
upper limbs in an elevated position. The performance of the exoskeleton strictly de-
pends on the system of transmission of the actuator force to the operator's limb. 

A transmission based on the sliding of a tendon cable on a cam-shaped shoulder 
strap is particularly convenient, since it allows for extending the compensatory effect 
of the actuator over an extended working range of the shoulder joint. However, the 
effectiveness of the result requires an accurate design of the cam profile. 

The structure of the exoskeleton may be extremely simple and lightweight. The 
device may be very easily adapted to the anthropometric characteristic of the operator 
and to the kind of work that must be performed. 
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The proposed architecture has been designed to support the upper limb lifted in the 
sagittal plane. However, limited abduction\adduction and internal\external rotation 
angles can be allowed by appropriate design of the transmission system, in particular 
regarding the connection between the bracelet and the fixed frame integral with the 
trunk. For instance, a 2 DoF joint centered at the SJ could be implemented to allow 
such movements. 
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