
Borzelli, D., Pastorelli, S., and Gastaldi, L.

Paper:

Elbow Musculoskeletal Model for Industrial Exoskeleton with
Modulated Impedance Based on Operator’s Arm Stiffness

Daniele Borzelli†, Stefano Pastorelli, and Laura Gastaldi
Politecnico di Torino

Corso Duca degli Abruzzi 24, 10129 Torino, Italy
†Corresponding author, E-mail: daniele.borzelli@polito.it

[Received October 1, 2016; accepted April 10, 2017]

With the ageing of the workforce in the manufac-
turing industry, the possibility of introducing sup-
port aids such as exoskeletons to reduce the fatigue
and effort of the operator has to be evaluated. An
upper-limb exoskeleton with controlled impedance is
expected to reduce the discomfort in the operations
which require precision. Hence, arm joint stiffening
is required. Real-time calculation of the exoskeleton
impedance should be based on the operator’s limb
impedance, evaluated through electromyographic sig-
nals. A model of the operator’s arm is necessary to
identify the best control law for the exoskeleton. In this
paper, preliminary considerations and a model of the
elbow on which two muscles act as agonist-antagonist
are presented. Numerical results are discussed, and an
estimation of the performance is also proposed.

Keywords: arm stiffness, hill muscle model, elbow
model, exoskeleton

1. Exoskeleton Definition

Humans possess natural control of movement, but the
exerted forces are limited by muscle strength. By con-
trast, robotic manipulators can perform tasks requiring
high forces, but control algorithms do not provide the flex-
ibility and quality of performance naturally achievable by
humans. Exoskeletons, by interfacing human and robotic
skills, might represent an interesting solution [1].

The definition of an exoskeleton is still debated [2]. Be-
yond the differences, the main characteristics identified by
all the studies are that an exoskeleton is a wearable device
that involves a direct man-machine interaction. The inter-
action is both from the robot to the human and from the
human to the robot. The first is a result of the intrinsic
characteristics of the exoskeleton, and is cognitive (ex-
oskeleton gives feedback to the operator) and biomechan-
ical (exoskeleton applies controlled forces on exoskele-
ton) [3]. The second one can be performed in different
ways that define the exoskeleton generation. Three gener-
ations are identified [2]: the user controls the exoskeleton
(1) with his/her kinematics, (2) in a dynamic way, and (3)
with his/her neuromuscular signals, recorded with elec-

tromyography (EMG).
First-generation exoskeletons are used to assist human

locomotion and to apply a set of predefined joint angle
trajectories. An example of a position-based control ex-
oskeleton is the Hardiman [4], developed for military pur-
poses, which enhances performance. In exoskeletons of
the second generation, two control strategies are com-
monly applied [5]. The first involves an open-loop con-
trol such that a pre-specified force or torque value is ap-
plied based on the position (i.e., portion of the gait cy-
cle for lower limb exoskeletons). The second strategy
consists of a control proportional to the force/torque ex-
changed between the user and the exoskeleton. Exam-
ples are BLEEX [6] for load carrying and ALEX [7] and
ARMin [8] for rehabilitation.

An exoskeleton of the third generation was first devel-
oped for the upper limb [2]. Driving the exoskeleton using
an EMG signal leads to a movement that feels more natu-
ral to the user since it is not necessary to exert an action on
the exoskeleton. As a matter of fact, EMG signals appear
approximately 20–80 ms prior to the muscles contracting
mechanically [9], thus allowing a signal evaluation before
the motion. EMG-based exoskeletons were developed for
the upper and lower limbs.

Exoskeletons can also be classified according to their
field of use. The first exoskeleton prototypes were de-
veloped for military purposes [4]. Another common ap-
plication is in the rehabilitation field. Here, exoskeleton
can enhance the force exerted by weak patients such as
older people or patients with diseases that do not allow
them to exert enough strength, or can assist physiother-
apists during rehabilitation sessions [10]. Exoskeletons
were also proposed as supports for agricultural workers
or for back support. Recently, exoskeletons for industrial
purposes [11, 12] are under consideration. Beneficial ef-
fects in terms of ergonomics and reduced fatigue are ex-
pected, especially during uncomfortable postures [13].

During manufacturing, some operations may require
joint stiffening owing to unstable characteristics or re-
quested high precision. In these operations, an amplifi-
cation of the force exerted may not be necessary. How-
ever, the development of an exoskeleton (whose purpose
is to increase the joints’ stiffness without increasing the
exerted end-point force) may have beneficial effects while
performing different operations.
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In this paper, we discuss some concepts for the develop-
ment of an industrial exoskeleton for the upper limbs. The
impedance of the exoskeleton is controlled in real time by
recording the activation of the operator’s muscles. While
a force transducer can directly measure the force exerted
by the operator, stiffness cannot be measured without ap-
plying a displacement. Thus, it needs to be calculated
based on a recorded EMG. A model of the operator’s arm
is necessary to identify the best control law for the ex-
oskeleton. For this purpose, a model of the arm, based on
Hill’s muscle model, was implemented. Analysis results
are presented and discussed.

2. Exoskeletons and Arm Impedance

During working activity, the operator interacts with the
environment and a large number of tools. When inter-
actions are unstable, limb impedance modulation is re-
quired. Limb impedance is achieved by co-activating
muscles. Different authors analyze arm impedance (iner-
tia, damping, and stiffness) during dynamic [14, 15] and
isometric tasks [16–18]. End-point stiffness is defined as
the relationship between externally applied displacements
of the hand and the forces generated in response [19, 20].
End-point stiffness is non-isotropic [21, 22] and can be
graphically represented as an ellipse [23]. Muscle pat-
terns that modulate stiffness are studied both during dy-
namic [24, 25] and isometric tasks [26, 27].

Many exoskeletons are developed with different kinds
of impedance control, which is a method that modu-
lates the high mechanical impedance arising in traditional
stiff and high-inertia robotic manipulators and in impact
management systems [28]. Impedance control is imple-
mented in some rehabilitation exoskeletons to drive pa-
tient’s limb [29, 30] or to reduce hand tremors [3]. How-
ever, the impedance of all these cases is not calculated
from the user’s limb impedance.

In the literature, robotic devices controlled by EMG
signals are developed for safer human-machine interfaces
or during robot operations when external forces are not
known a priori. The impedance control of robotic de-
vices based on a used EMG signal is developed by differ-
ent groups [31–33]. Real-time impedance controls based
on EMG signals are also developed for the modulation
of the stiffness of the upper limb [34] prosthesis. In the
HAL exoskeleton [35], the lower limbs assume different
impedances depending on the phase of the gait. However,
no exoskeletons whose stiffness is controlled directly by
biological signals recorded from the operator have been
developed for industrial use.

3. Task Definition

As previously described, modulation of stiffness is use-
ful in different kinds of operations. The operations for
which stiffness modulation is required can be classified
based on the characteristics of the task. Two groups were

identified.

- Isometric operations: needs the application of a
force, without a movement requirement.

- Dynamic operations: movement requirement with-
out the need of high-force application.

This classification came not only from a dynamic de-
scription of the task but also looks to be intrinsic in the
Central Nervous System (CNS). As a matter of fact, al-
though during dynamic tasks, the stiffness ellipse aligns
with the direction of the instability (as observed for a ball-
catching task [36] and a pointing task [37]), during iso-
metric tasks only small rotations were observed [17, 38].
Another classification of the operations in which arm stiff-
ening is required depended on the reason why the operator
stiffens his arm. Two reasons were identified:

- External instability: the subject has a sensorimotor
feedback of a displacement that may cause instabil-
ity. The reasons for this instability can result from
various causes: the device itself (e.g., rotational ele-
ments of the device’s engine), the interaction of the
device with another object (e.g., vibration owing to a
drilling action), the environment in which the device
is used (e.g., a windy environment), the operator’s
working conditions (e.g., a moving platform), or the
operator’s physiological tremors (e.g., fatigue).

- Predicted instability: the operator knows, by his ex-
perience, that some instabilities may occur, so he
stiffens his joints to prevent instability. This be-
havior may occur when the work material is non-
homogeneous (e.g., ribs on wood). The environment
or the tool the operator is using may exert undesired
actions (e.g., a drill press may make the object to
be drilled escape from the operator’s hand). Some
actions may lead to unstable configurations (e.g., the
exertion of a force with a screwdriver non-orthogonal
to the plane). The behavior may also occur for secu-
rity reasons (e.g., managing dangerous substances or
devices whose incorrect use may lead to injuries).

The required stiffening of the arm can be along differ-
ent directions: it can have the same force or of the move-
ment direction , or it can assume different angles with re-
spect to them. The combination of the kind of kinematic
task and the cause of stiffening leads to the identification
of different tasks in which the exoskeleton should oper-
ate. An iconic machining, together with the identification
of the angle between the direction of the instabilities and
the direction of the force, was identified for each group
(Fig. 1):

- Isometric task, external instability: the use of a drill
when it makes contact with the plane. There is no
movement, but a force is required. The instability
felt by the worker is a result of the interaction of the
drill with the plane and the rotation of the drill’s mo-
tor. Stiffness modulation is required to reduce vi-
bration. The limb needs to be stiffened along all di-
rections orthogonal to the drilling. No stiffening is
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Fig. 1. Iconic machining of different tasks.

needed along the direction orthogonal to the plane
(i.e., the direction of the application of the force).

- Dynamic task, external instability: engraving a plane
with an electric tool. A movement is required, while
no force is requested. The instability felt by the
worker is a result of the rotation of the device’s mo-
tor. Stiffness is required to reduce vibration. All di-
rections orthogonal to the direction of the engraving
are axes along which stiffening is required. No stiff-
ening is needed along the direction of the engraving.

- Isometric task, predicted instability: the use of a
screwdriver (when the screw is still outside the
plane). There is no movement, but enough force is
required to start the screwing. The instability derives
from the coupling between the screw and the plane
(e.g., if a force is exerted along a direction that is
not precisely orthogonal to the plane, with the con-
sequence of an instability). The operator stiffens the
arm to prevent any instabilities that may occur. Stiff-
ening is needed along directions orthogonal to the
direction of the drilling, but no stiffness is required
in directions parallel to the force.

- Dynamic task, predicted instability: engraving a
plane by hand. A movement is required, but the force
needs to be precisely modulated by the worker ow-
ing to the requested precision. The instability de-
rives from the dis-homogeneities of the material of
the plane to be engraved, and is predicted by the
worker. The operator reduces the instabilities owing
to dis-homogeneities by stiffening his limb along all
directions orthogonal to the engraving direction. No
stiffening is needed along the direction of the engrav-
ing.

As can be observed in each operation, if a movement
or a force is exerted along a specific direction, the insta-
bility that needs to be compensated by a stiffening of the
arm is commonly along an orthogonal direction. A stiff-
ness increase along the movement, or the force exertion

direction, may be harmful because it opposes the motion
or reduces the exerted force. Thus, the system needs to
select the directions in which an increase in stiffness is re-
quired, and reduce its stiffness along the others. For this
reason, the knowledge of the arm stiffness the operator
intends to exert needs to be as precise as possible.

4. Exoskeleton Concept

A diagram block of a man-machine interaction in case
of an upperlimb exoskeleton whose impedance is con-
trolled in real time by the recording of the activation of the
operator’s muscles is reported in Fig. 2. The CNS of the
human operator activates muscles to produce force and
stiffness of the arm. The selection of the muscle pattern is
computed by the CNS and is based on both feedback and
feedforward controls. The knowledge of the biological
control implemented in the human CNS is still debated.

The force and stiffness exerted by the operator is com-
puted on the basis of his/her muscle activations and the
configuration of the arm (“Data Process” block). Once
the force and stiffness required by the operator are known,
the activation of the exoskeleton motors needs to be calcu-
lated (“Control” block). This operation can be separated
into a first calculation of the force and stiffness that the
exoskeleton needs to exert to reduce the user’s muscle ac-
tivation (“Control law” block), and a second calculation
of the motor activations. This is accomplished using a
model of the exoskeleton (“Exoskeleton model” block).
The force and the stiffness exerted by the exoskeleton are
combined with those of the operator to assess the end-
point force and stiffness.

5. Arm to Define Exoskeleton Control Law

The main focus of this study is to develop an arm model
to assess the control law for the exoskeleton (“Control
law” block of Fig. 2).

5.1. Arm Musculo-Tendon System Models
The arm model consisted of two rigid segments that

represented the humerus bone and radio-ulna bones. They
were connected by a single-degree-of-freedom hinge that
corresponded to the elbow. Two actuators simulated the
muscles Brachioradialis (BRD, muscle 1) and Lateral
head of the Triceps (TriLat, muscle 2) acting on the joint
(Fig. 3). The connections between the links and the ac-
tuators were made by hinges. The elbow angle α was
assumed to be zero when the forearm was completely ex-
tended, and it increased with the flexion of the elbow.

The actuators were single effect: they exerted only
pulling actions, one opposed to the other, and worked as a
redundant drive [39, 40]. The musculo-tendon system was
analytically described based on the Hill model, which is
commonplace in the computational literature and a valid
method to analyze feasible mechanical behavior. The Hill
model [41] is composed of different elements (Fig. 4A).
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Fig. 2. Concept of exoskeleton that enhances end-point force and stiffness of the operator.
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Fig. 3. Model of human elbow and range of motion with
equilibrium solutions of the torques exerted by the muscles.

Fig. 4. Muscolo-tendon element characteristics.

The muscle (lp) consists of an active element (A), rep-
resenting the actin-myosin action, and a nonlinear spring
in parallel with A (parallel spring) to model the collagen
tissue. The tendon segment (ls) is composed of a nonlin-
ear spring (serial spring) in series with A. The laws that
relate the forces exerted by the active element (FA) and by
the parallel spring (Fp) with the length of the muscle seg-
ment (lp), and the force exerted by the serial spring (Fs)
with the length of the tendon (ls), together with their coef-
ficients, are reported in Eqs. (1)–(3) (Figs. 4B–D) derived
from the literature [42, 43].

FA = m ·FMAX

[
−a

(
lp

lce

)2

+2a
lp

lce
−a+1

]
. (1)

Fs = ks [max(0,ls−ls0)]2 . . . . . . . . . (2)

Fp = kp

[
max

(
0,

lp

lce
− lp0

lce

)]2

. . . . . . . (3)

where a = 1/w2 and w is muscle width; m is muscle ac-
tivation, measured as a fraction of the Maximum Volun-
tary Contraction (MVC); lce is the optimal length at which
the muscle exerts its maximal active force (FMAX ); kp is
the stiffness of the muscle (chosen so that if Fp = FMAX ,
the ratio lp/lce = 1 + w); lp0 = lce is the muscle relax-
ation length, indicating the maximum length of the muscle
for which the parallel spring does not exerted any passive
force; ks is the tendon stiffness (chosen so that at FMAX ,
ls = 1.04ls0 [44]); and ls0 is the tendon slack length, in-
dicating the maximum length of the tendon for which the
serial spring does not exert any force. FMAX , lce, and ls0
are muscle specific. Characteristic values and anthropo-
metrical information related to the BRD and TriLat [45]
are reported in Table 1.

Figures 4B–D are plots of the force exerted by the ac-
tive element of the muscle, by the parallel spring, and by
the serial spring in relation to their lengths at different
activations. Fig. 4E illustrates the force exerted by the
muscle element in relation to its length, and Fig. 4F illus-
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Table 1. Anatomical parameters used in the study.

1: BRD 2: TriLat
lce [m] 0.0858 0.1138
lp0 [m] 0.0858 0.1138
ls0 [m] 0.0535 0.0980

Fmax [N] 261.33 624.3
kp [N/m] 600 1433
ks [N/m] 163 ·103 390 ·103

Attach on Radius-Ulna [m] l11 : 0.1274 l21 : 0.0219
Attach on Humerus [m] l12 : 0.1004 l22 : 0.1735

trates the force exerted by the musculo-tendon system in
relation to its length.

5.2. Equations for Force Balancing
The joint axis of rotation was assumed to be vertical in

order to neglect the gravity action. Eq. (4) describe the
dynamic equilibrium:⎧⎪⎨

⎪⎩
Fs1 = Fp1 +FA1

Fs2 = Fp2 +FA2

ma2 (Fp2 +FA2) = ma1 (Fp1 +FA1)
. . . (4)

where Fsi, Fpi, FAi, and mai are, respectively, forces ex-
erted by the serial spring, by the parallel spring, by the
active element, and by the moment arm of muscle force
with respect to the elbow. The two muscles are indicated
by i = 1,2.

The force equations are coupled with geometrical equa-
tions, as follows:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

lmti = lpi+lsi

lmti =
√

l2
i1 + l2

i2−2·li1·li2·cosβi

mai =
2

lmti

√
Pi

2

(
Pi

2
− li1

)(
Pi

2
− li2

)(
P1

2
− lmti

) (5)

5.3. Stiffness and Performance Calculations
Different levels of co-contraction are defined with re-

spect to the activation of muscle 1. The rotational stiffness
of the musculo-tendon system is defined as the derivative
of displacement caused by imposed torque τi:

Ki = mai

∂ (Fpi +FAi)
∂ α

+(Fpi +FAi)
∂ mai

∂ α
. . (6)

A small deflection (∂ α = 0.01◦) [10] is applied to the el-
bow joint in both positive and negative directions, while
the muscle activations are not changed. Eq. (6) represents
an estimation of the elbow stiffness in a particular pose.

The force exerted by the muscle depends on its length,
and a corresponding torque is exerted at the elbow joint.
The elbow angle-torque relation can be linearized around
the unperturbed configuration, and the slope represents
the stiffness of the muscles. The rotational stiffness of the
elbow is the difference between the slopes of the elbow

angle-torque curves of muscle 1 with respect to muscle 2.
The performance is calculated as the ratio between the el-
bow stiffness, intended as the output of the system and the
norm of the muscle activation, intended as the input of the
model.

6. Analysis of the Model

6.1. Musculo-Tendon System Characteristics
Variations in the joint angle lead to different variations

in the lengths of the antagonist muscles. Because the
torque length of the muscle characteristic is specific for
each muscle, this behavior could be interpreted as a shift-
ing of the characteristic of one muscle along the other in
order to match the lengths the two muscles assume at a
specific joint angle (Fig. 5). We may observe that this
shifting permits the two muscles to apply a force along the
same range of angles (between 20◦ and 130◦), even if they
exert force along different ranges of length (between 0.09
and 0.20 m for muscle 1 and between 0.17 and 0.21 m for
muscle 2).

6.2. Elbow Angle Boundaries
The range of the angles the elbow may assume, ow-

ing to physiological boundaries, is reported in [46]. How-
ever, other boundaries owing to the muscle force exertion
characteristic may be identified. Thus, the physiological
boundaries and the boundaries resulting from the muscle
characteristic may not coincide. In Fig. 6A, the upper
value of the elbow flexion is fixed at 130◦ owing to a phys-
iological boundary.

However, possible solutions for co-contraction can also
be obtained for higher elbow flexion values. However,
extant studies identified the lower boundary close to 0◦
although no possible intersection between the character-
istics of the two muscles of our model are possible below
20◦. This discrepancy may result from the approximation
of the muscle model or because those other muscles acting
on the same elbow joint that are neglected in this model.

It can be observed that the activations of the antagonist
muscles univocally identify the elbow flexion if no torque
is exerted by the elbow joint.

6.3. Antagonist Muscle Activation
In Fig. 6B, the activation of muscle 2, which ensures

the equilibrium at the elbow, is represented at different
elbow configurations and muscle 1 activations. Curves
regarding the low activation of muscle 1 are more sparse
with respect to curves for the higher activation of mus-
cle 1. For this reason, the steps between muscle 1 activa-
tions in this and the following figures are not constant. An
indifferent equilibrium is possible for angles lower than
85◦, where both muscles are maintained with no activa-
tion.

Activating muscle 2 is always necessary for elbow flex-
ions higher than 85◦ to compensate the force exerted by
the passive element of muscle 1.
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Fig. 5. Intersections between the characteristics of the torque, related to the musculo-tendon length, exerted by the two muscles for
different elbow flexion, at different level of activation of muscle 1 (colored) and 2 (gray scale).

Fig. 6. Elbow torque and activation of muscle 2 to balance
muscle 1 torque: A. torque vs elbow flexion; B. Muscle 2
activation vs elbow flexion.

Fig. 7. Muscles and elbow stiffness vs elbow flexion. A.
Rotational stiffness of the muscles. B. Rotational stiffness
of the elbow and muscle 1 activations.

Not all possible elbow flexions and muscle 1 activations
are feasible together. In particular, higher activations of
muscle 1 are balanced by muscle 2 only for higher values
of elbow flexion. Lower activations of muscle 2 are bal-
anced by muscle 1 only for lower values of elbow flexion.
These boundaries define a range of muscle activations in
which the stiffening of the elbow, without exerting torque,
is possible.

6.4. Arm Stiffness
The stiffness of the two muscles is reported in Fig. 7A.

While the stiffness of muscle 2 is always nonnegative, the
stiffness of muscle 1 can assume negative values. This
behavior can be physiological and is a consequence of the
negative slope of the elbow flexion-torque relation (see
Fig. 6A), which leads to the exertion of lower torques for
higher lengths of the musculo-tendon system.

Fig. 8. Relation of performance and elbow flexion for dif-
ferent values of muscle 1 activations.

The joint stiffness increases with the muscle activation
for each elbow angle (Fig. 7B). Two peaks can be found
owing to the passive and active elements of muscle 1. Be-
cause the balancing of torque exerted by the high acti-
vation of muscle 1 is possible only at some joint angles,
the stiffness of higher muscle activations can be computed
only for these angles. There exist some elbow flexions at
which both muscles are not activated. In these cases, a
range of angles at which the stiffness is null can be found.

6.5. Performance
The performance, intended as the ratio between the el-

bow stiffness and the norm of muscle activations (Fig. 8),
indicates minima between 70◦ and 90◦. These minima
depend on the muscle activations and are found in corre-
spondence of the joint angle at which the parallel spring
of muscle 1 starts its action. Two peaks are found, except
for the muscle activation equal to zero. The first peak
corresponds to joint angles at which the parallel spring of
muscle 1 exerts a passive force (lower joint angles). The
second peak corresponds to joint angles at which the par-
allel spring of muscle 1 does not exert any force (higher
joint angles). Thus, we can find a range in which the sys-
tem is more effective in stiffening the joint.

7. Discussion and Conclusions

This study is a preparatory phase for the development
of an exoskeleton for industrial use, whose stiffness can
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be controlled in real time with the operator’s arm stiff-
ness, calculated from the muscle activation recorded with
electromyography. In this study, a model for the evalua-
tion and analysis of elbow stiffness was presented. This
model can be successively implemented and used for the
study of the control law of the exoskeleton.

The muscle model used in this study is a simple ap-
proximation of a real muscle. However, since the purpose
of this model is to approximate the mechanical character-
istics of arm stiffness, and not to study the specific proper-
ties of the muscle itself, we may assume that the approxi-
mations of the present model are acceptable in relation to
its purpose [47].

We also introduced an estimation of the performance
related to the elbow angle, and an analysis of the perfor-
mance of the human elbow that would be coupled with
the exoskeleton. This estimation could be useful in defin-
ing the configuration the subject has to assume in order
to reduce his/her muscle activation without reducing the
exerted endpoint stiffness.

In future work, we plan to complete the model by
adding another joint, modeling the shoulder, and increas-
ing the redundancy of the system by adding more muscles
and using physiological laws to select the muscle activa-
tions. Increasing the number of joints will result in the
occurrence of singularities. However, poses in which sin-
gularities would occur are deprecated, and the operator is
recommended not to operate in those poses. This model
would be used to test the control law implemented in the
exoskeleton.
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