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Abstract

In this paper, we propose a method for selective monitoring and management of human muscle fatigue in human-robot co-
manipulation scenarios. The proposed approach uses a machine learning technique to learn the complex relationship between
individual human muscle forces, arm configuration and arm endpoint force that are provided by a sophisticated offline muscu-
loskeletal model. The estimated muscle forces are used in the fatigue model to estimate the individual muscle fatigue levels online.
Two fatigue management protocols are proposed that enable the robot to handle and reduce the human fatigue by altering the con-
figuration of task execution. The first protocol uses optimisation technique to find the optimal position for task execution, where
the fatigue-related endurance time can be maximised. The second protocol divides the arm muscles into groups and then alters the
direction of endpoint force so that the fatigued muscle group can relax and the relaxed muscle group becomes active. The proposed
method has a potential to enable the robot to facilitate safer and more ergonomic working conditions for the human coworker. The
main advantage of this approach is that it can operate online, and that all the measurements can be performed by the robot sensory
system, which can significantly increase the applicability in real world scenarios. To validate the proposed method, we performed
multiple experiments with two collaborative tasks (polishing and drilling) under different conditions.

Keywords:
Physical Human-Robot Collaboration, Muscle Fatigue, Muscle Force Estimation, Machine Learning

1. Introduction

The recent trend in robotics puts a considerable stress on including humans into the industrial production process
in an attempt to use the human’s superior flexibility/adaptability and retain the jobs for the human workers. The aim
is to move the robots out of the cages and make them collaborate with the human workers in various complex tasks.
In this direction, the amount of research related to human-robot collaboration (HRC) has been rapidly increasing in
the past years [1], especially for manufacturing tasks [2, 3].

One of the key problems of HRC is to make humans and robots be aware of each other’s intentions, and intel-
ligently collaborate to achieve manufacturing objectives. To solve this problem, the collaborative robots have been
equipped with various sensory systems and processing modules to facilitate the interpretation of the human’s in-
tentions and states [4, 5, 6, 7, 8, 9, 10], and to generate robot behaviours to react appropriately and accordingly
[4, 11, 12, 2, 10, 13]. Common sensory systems to detect the human function and intention are based on force mea-
surements [4, 5, 6, 14, 7, 8, 9], visual feedback [12], and language command recognition [15]. These systems can be
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mounted on the robot and pose no discomfort to the human coworker. On the other hand, some additional sensory
systems that are attached to the human coworker, such as electromyography (EMG) [10], or electroencephalography
(EEG) [16], can greatly enhance the robot’s awareness of human intention and states. However, this can come at the
price of increased cost and the imposed discomfort to the human coworker.

Safety and well-being of workers during human-robot collaboration is a crucial issue in industrial settings [17, 18].
Some of the above-mentioned sensory modalities can also be used to estimate human performance degradation during
HRC, which is is usually caused by excessive levels of physical or cognitive fatigue. This aspect is particularly
important to ensure a favourable condition of human workers. For example, excessive cognitive fatigue may result in
human making more mistakes and hindering the production process. In another instance, excessive physical fatigue
may result in musculoskeletal disorders that require long-term treatments and inevitable absence of the worker from
the production process.

Several existing methods proposed to analyse and solve the fatigue-related issues from the physical perspective
in HRC. The robot can help to reduce the effect of an external load on human joints (e.g. see our previous work in
this direction [13, 19]). Alternatively, the robot can monitor and manage the amount of fatigue generated by active
exertion of muscle forces [20, 21]. This paper aims to provide novel effective tools and solutions to address the latter.

A simple and effective tool to analyse the muscle fatigue is to observe the changes of the EMG signal in frequency
domain. It has been shown that the mean amplitude of EMG increases and mean frequency of the spectrum decreases
with the muscle fatigue [22]. While this approach works well for a constant muscle effort, it may not be reliable for
dynamical tasks where the muscle effort is changing. To resolve this issue, model-based techniques that are based on
the EMG [21] or force [23] measurements have been proposed instead.

The authors in [20] measured the human arm endpoint force and used the fatigue model proposed in [23] to
monitor the human fatigue. Since the force was only measured at the endpoint and the method offers no relation
between endpoint force and individual muscle forces, the individual muscle fatigue cannot be estimated. The human
joints are actuated by many muscles that have a combined contribution to the endpoint force. If we wish to estimate
individual muscle fatigue levels, the muscle forces should therefore be estimated individually.

To estimate the individual muscle forces, one can use complex models of musculoskeletal dynamics [24] and
systems [25, 26] from the literature. However, the underlying complexity of such models and reliance on off-line
optimisation techniques limits their application to offline calculation and may therefore not be suitable for HRC,
where online adaptation is a crucial requirement. On the other hand, although direct muscle activity measurements
by EMG [21] enable precise selection and monitoring of individual muscles, the application of EMG in industrial and
other real-world scenarios may be impractical. In addition, some muscles lay under the surface and cannot be reached
by the surface EMG.

To solve the limitations of the above-mentioned methods for human muscle fatigue monitoring in HRC, we pro-
pose a novel method that enables online estimation of individual muscle forces in the human arm. We utilise a machine
learning technique to learn the mapping between the arm endpoint force, arm configuration and muscle forces. The
relationship between these variables is first obtained from an accurate and complex musculoskeletal model in an of-
fline calibration stage. The obtained mapping is then used in an online stage by the collaborative robot to selectively
estimate the human muscle fatigue and then adjust its behaviour in an attempt to reduce it. To this end, the proposed
method includes a novel fatigue management system that involves two main management protocols. The first protocol
is based on an optimisation approach that allows the robot to find the optimal endpoint position for task execution,
where the fatigue-related endurance time is maximised. The second protocol enables the robot to change the task ex-
ecution configuration to selectively offload the human coworker’s muscles, which are currently under a considerable
fatigue, by delegating the task load to the relaxed muscles instead.

The main contributions of the presented research are: i) an approach to use machine learning to make complex
offline muscle force model work online in real-time, ii) a multi-protocol fatigue management method that enables the
robot to change the working configuration of the task in order to alleviate the fatigue of the specific tired muscles of
collaborating human.

The proposed method is experimentally validated on a human-robot co-manipulation setup using KUKA Lightweight
Robot arm. We considered two common industrial tasks. In the first task, the human is asked to polish a surface of an
object that is held and manipulated by the collaborative robot. In the second task, the human is asked to drill into an
object that is held and manipulated by the robot.

A preliminary version of the proposed fatigue management framework was presented at 2018 IEEE/RSJ Interna-
2
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Figure 1: Block scheme of the proposed method. A complex biomechanical model is used in an offline calibration process to obtain the training data
for Gaussian Process Regression (GPR). The online GPR-based model is then used to predict the individual muscle fatigue during the human-robot
co-manipulation task. The fatigue management system then changes the robot behaviour in order to either maximise the fatigue-related endurance
time or selectively offload the tired muscles and put more load on the ones with lower fatigue levels.

tional Conference on Intelligent Robots and Systems [27]. This paper extends the preliminary study in several aspects.
The methodology of fatigue management system is significantly extended. The online management protocol is up-
graded with a method that can group muscle based on the endpoint force direction. In addition to the online method,
we add a planning-based protocol that can optimise the endurance time of endpoint force production by considering
muscle fatigue model. To strengthen the validation of the proposed approach, an additional experimental task (i.e.,
drilling task in addition to polishing task) and additional experiments and results and are included.

2. Methods

The block scheme in Fig. 1 illustrates the proposed selective muscle fatigue management approach. In the offline
stage we obtained the model that the robot can use to estimate the muscle forces in the online stage. During a pre-
liminary calibration experiment we collected a variation of human arm configurations and endpoint forces in different
conditions. We then used the collected data in conjunction with a complex human arm musculoskeletal model and
optimisation process to estimate individual muscle forces for different measured conditions. The Gaussian Process
Regression (GPR) was employed to learn the relationship between the given configuration and endpoint force inputs
and muscle force outputs.

We then used the obtained function encoded with GPR in the control of human-robot co-manipulation. The control
method used the interaction force (measured by a force sensor at the robot end-effector) and human arm configuration
(measured by a motion capture system) as GPR inputs to estimate the muscle forces at each sample time. The
estimated muscle forces were then used in a modified muscle fatigue model that was based on the model we recently
proposed in [21].

To enable the robot to selectively manage the fatigue of different muscles, we developed a method with two man-
agement protocols, each of them dealing with two most common constraints (i.e., endpoint orientation and position
constraints). First protocol finds the optimal working position within an orientation constraint in Cartesian space
through the optimisation process, where the fatigue-related endurance time of the human arm is maximised. The
second protocol changes the task execution configuration within a position constraint in Cartesian space in a way that
offloads the fatigued muscles and puts stress on the less fatigued muscles. The robot does this by making the human
change the working conditions in a way that the fatigued muscle does not need to contribute to the endpoint force
required for the task production (e.g., the orientation of an object is changed so that the drilling/polishing force must
be produced in a different direction).

2.1. Human Arm Model

We can define a quasi-static relation between the human arm joint torques and endpoint force as

τh = JT
h (qh) f + gh(qh), (1)

where τh is joint torque vector of the human arm, f is endpoint force vector, Jh is geometric Jacobian matrix of the
human arm, qh is joint angle vector and gh is the gravity torque vector of the arm.

3
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The muscles in the human arm produce the joint torques by exerting forces as

τh = JT
m(qh) fm, (2)

where fm is muscle force vector and Jm is muscle Jacobian matrix containing moment arms of different muscles. Each
specific joint has at least one pair of antagonistically coupled muscles that pull it in two opposite directions. Typically,
more than one pair of antagonistic muscles are usually acting on a single joint [28].

By combining (1) and (2), we derive a relation between the human arm muscle forces and the endpoint force

fm = J−T
m (qh)

(
JT

h (qh) f + gh(qh)
)
. (3)

The current muscle forces fm in the arm could theoretically be calculated by given measured endpoint interaction
force f and arm configuration qh. However, the transformation J−T

m has a redundancy, if more antagonistic pairs
of muscles are acting on a single joint. In such case, (3) does not have an unique solution. For example, many
possible combinations of forces from different muscles that act on a specific joint can produce the same joint torque.
Among these possible mathematical solutions there are also some that prescribe negative muscle forces, which is
physiologically impossible since muscles can act only in one direction (i.e. can only pull and cannot push).

Researchers commonly apply optimisation techniques to resolve the redundancy of mapping from τh to fm in (3).
Literature mainly reports three different methods for estimating muscle forces: Static Optimization (SO) [29], Com-
puted Muscle Control (CMC) [30] and Neuromusculoskeletal Tracking (NMT) [31]. SO distributes relevant muscle
forces according to the net moment applied at each joint by optimising a specified performance criterion without con-
sidering any human arm dynamics behaviour. On the other hand, CMC and NMT resolve the muscle force distribution
issue by involving and integrating muscle activation dynamics, muscle contraction dynamics and body-segmental dy-
namics simultaneously. In addition, CMC and NMT differ in the effective time span of the optimisation. Specifically,
the optimisation in CMC works locally at each time instant, whereas NMT attempts to optimise a time-dependent
performance criterion globally over the entire human motion (e.g., minimising metabolic energy consumption [32]).

Comparisons between these three optimisation methods were conducted in previous research and convincing sim-
ilarity of the muscle force estimates were observed and manifested in most of cases excluding highly dynamic human
motions, such as jumping and sprint running [33, 34]. These previous studies suggest that the incorporation of muscle
activation and contraction dynamics and/or time-dependent performance criterion do not significantly influence the
muscle force estimation in static or quasi-static applications (e.g., HRC tasks like polishing, drilling, etc.). For this
reason, SO is a more appealing method for estimating muscle forces because it is computationally more robust and
efficient, and was therefore employed in this work.

The optimisation problem of distributing muscle forces in SO can be formulated as

argmin
am

aT
mam

s.t. JT
m(F0

mam︸︷︷︸
fm

) = τh, (4)

where am ∈ [0 1] indicates the muscle activation vector and F0
m is a constant diagonal matrix, the elements of which

denote the maximum isometric forces of the corresponding muscles. The muscle force fm is then defined as a product
of F0

m and am, implying that muscle is considered as an ideal force generator in SO. It is apparent that by holding the
constraint of (2), this optimisation tries to minimise the sum of squares of muscle activations, which is a commonly
employed objective function in the related research [29, 33].

Although the estimate of τh can be achieved by resorting to some effective inverse kinematics algorithms in order
to calculate human arm joint angles [35], and Jh and gh in (1), the muscle Jacobian Jm requires accurate and complete
musculoskeletal model of human arm to enable the optimisation in (4). A dynamic upper limb musculoskeletal model
[26] was then employed by OpenSim for this purpose to implement the static optimisation that estimates muscle forces
in the offline calibration phase. This model has already been proven and validated to be effective in our previous work,
where another two muscle-Jacobian-dependent properties of human arm, the endpoint stiffness [36] and joint stiffness
[37, 38], were successfully estimated online by using the same model.

4
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2.2. Machine Learning and Online Force Prediction
When we obtained the feasible solutions for muscle forces from the complex offline model, we encoded them with

a GPR-based machine learning method [39]. The input training data set X was composed of measured samples of
human arm joint configuration qh and endpoint force f 1, both measured by the robot sensory system (i.e. vision and
force sensors). The output training data set Fm was composed of corresponding feasible solutions of muscle forces fm.
The known training data composed of inputs X =

[
[qh1, f1], ..., [qhN , fN]

]
and outputs Fm = [ fm1, ..., fmN], which were

obtained from the musculoskeletal model through the offline optimisation in (4), were used to estimate the parameters
of GPR. Number N is the size of the training data input-output pairs. For illustration, the training points in different
arm configurations are shown on the graphs of Fig. 2.

The GPR that encodes the desired relation is defined asFm

fm∗

 ∼ N(
0,

K(X, X) + σ2
nI K(X, x∗)

K(x∗, X) K(x∗, x∗)

 ), (5)

where N represents Gaussian distribution, fm∗ is the prediction corresponding to the new input x∗ = [qh∗, f∗], X
and Fm are input and output values from the training data set, respectively, and σn is variance of noise. Matrix K
represents the correlations between different inputs and its elements are composed of Gaussian kernels σ2

f exp[− 1
2 (xi−

x j)T W−1(xi − x j)], where xi and x j are individual samples in the training set X, σ f is variance and W is a diagonal
matrix containing width parameters of Gaussians. The best prediction is the mean value of the normal distribution

fm∗ = K(x∗, X)
[
K(X, X) + σ2

nI
]−1Fm. (6)

Note that the computationally expensive term
[
K(X, X) + σ2

nI
]−1Fm is not dependent on the new input x∗ and was

therefore pre-calculated in order to increase the real-time efficiency. During the online phase, the new input x∗(t) =
[qh(t), f (t)] was updated at each sample time t. The human arm configuration was measured by the optical motion
capture system, where joint angles qh and arm Jacobian Jh were obtained by the method proposed in [40]. The force
sensor mounted on the robot end-effector measured the interaction force f .

2.3. Human Muscle Fatigue Model
We used (6) to estimate the muscle forces of the human arm in real-time during the online stage. The estimated

forces of individual muscles were used in conjunction with a fatigue model to estimate the respective muscle fatigue.
The fatigue model used in our method was based on the model proposed in [21], which operated based on the measured
muscle activity. Since the relationship between muscle activity and muscle force can be linearly approximated in a
certain operation range [41], in the proposed work the model is modified to include muscle forces instead of muscle
activities. Other fatigue models based on the muscle force from the literature follow a similar first-order system
dynamics [23].

The modified muscle fatigue model is defined as a first-order system of differential equations

dVi(t)
dt
=


(
1 − Vi(t)

) fmi(t)
Ci

if fmi(t) ≥ fth
−Vi(t) R

Ci
if fmi(t) < fth

, (7)

where Vi ∈ [0 1] is the i-th muscle fatigue index, fmi is the estimated muscle force from (6), Ci is a capacity parameter
that determines the fatigue characteristics of a specific muscle. The parameters C are subject and muscle dependent
and should be tuned individually. The higher the C is, the more effort fm over time it takes for the fatigue to occur.
The parameter R is a recovery rate, which determines the speed of fatigue reduction after the muscle is relaxed. In our
experiments we used a conservative value R = 0.5, as in [21]. Other recovery rates can be found in literature [42]. We
used the threshold fth to determine when the muscle is relaxed. When the muscle force is larger than this threshold,
the model is in fatigue increasing mode, otherwise it is in recovery mode.

1Note that, instead of the endpoint force f , the joint torque τh can also be used as an input of GPR. However, in that case a separate model of
the human arm gravity gh is required. The advantage of using f is that gh is indirectly incorporated through the muscle force relationship provided
by the complex offline model and is therefore learnt.

5
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We conducted a preliminary calibration experiments to determine the values of fatigue capacity parameters C as
proposed in [21]. The human subjects were instructed to produce several reference muscle forces f re f

m for the amount
of time T , after which the subject could not endure it anymore or felt uncomfortable. We calculated C for each
reference force f re f

m by

C = −
f re f
m · T

ln(1 − 0.993)
, (8)

where the full capacity is assumed to be reached after five time constants, i.e. V = 0.993. As the final estimation of
fatigue capacity, we then used the mean value of C parameters obtained by (8) for different reference forces.

2.4. Selective Muscle Fatigue Management

The demand for the fatigue management in human-robot collaboration tasks usually arises when a continuous force
production task of considerably long duration is required to be executed by the human partner with the assistance of
the robot partner. A force production task can be formally described or defined in terms of the position and orientation
of human hand. If both the position and orientation are strictly constrained in the collaboration tasks, there is no
room to introduce any fatigue management strategy. However, in most cases, one of these two variables is free to
be exploited to inject optimisation methods for fatigue management. Therefore, we split the fatigue management
problems in the human-robot co-manipulation tasks into two representative scenarios and problem formulations.

The first scenario focuses on the situations where the orientation of human hand is constrained while the position
is free to be optimised, which falls into a planning problem. In this case we want to find the optimal working position
where the task can be produced for the longest time with respect to the fatigue of the considered muscles in the human
arm. This scenario includes many common industrial tasks, such as: drilling or polishing a surface/object in a specific
direction with a prescribed force. For example, if the human needs to polish in a surface of a stationary table or
wall, the orientation is constrained and the human can only change the arm configuration with respect the to endpoint
position. Note that this scenario is general and can also be applied to cases where human performs the task on its own
(i.e., without the robot).

The second scenario refers to the situations where the position of human hand is constrained while the orientation
is adjustable for the fatigue relief, which is actually an online adaptation problem. In this case we want the robot to
adapt the task execution during the actual production process in order to alternately stress or relax different groups
of muscles based on the current levels of fatigue. This scenario includes industrial tasks where the work should be
performed in a specific position. For example, if the human needs to fit his/her body inside a frame of a car to execute
some task with the robot, the configuration of most of the body is constrained and therefore choosing between different
endpoint force directions is the only option.

For each scenario we developed a novel protocol//policy that can solve the given problem. In the first scenario,
the task involves a constraint on the direction of the arm endpoint force production (i.e., interaction with an object
in a specified direction) but involves no constraint on the endpoint position (except for the designated workspace).
The same fatigue threshold may be reached by different involved muscles at different times, due to the different
activation levels fm or capacity parameters C (experimental analysis of this aspect is in section 3.1). To manage
the human fatigue in this scenario, we propose Fatigue Management Protocol 1 (FMP1) that involves a search for
the optimal working endpoint position, where the minimum of the endurance times of all involved muscles can be
maximised, while producing a prescribed endpoint force. If the desired endpoint force changes, the optimisation has
to be performed again under the new condition.

In the second scenario, the task involves a constraint on the position of the arm endpoint (e.g., obstacles in the
workspace that limit the choices for the optimisation, limited workspace of collaborative robot, etc.) and involves no
constraints on the orientation (i.e., assuming that the robot can rotate the object). To manage the human fatigue in
this scenario, we propose Fatigue Management Protocol 2 (FMP2) that is based on dividing the considered muscles
into groups, where the endpoint force production in a certain direction involves the coordinated activation of one
group, while the other group is at rest. The method then uses this information to alternate the involvement of different
muscle groups based on the estimated fatigue by changing the direction of the desired endpoint force. The human
can arbitrarily change the magnitude of the endpoint force, while the fatigue model estimates the current fatigue level
online.

6
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Figure 2: Results of muscle force learning. Left and right graphs display the relationship between endpoint force and muscle forces in the
selected working configuration space of arm for Biceps Brachii and Triceps Brachii, respectively. The dots show the training data from the offline
model, while the light blue line shows the function as learnt by GPR. Different colours of dots correspond to different arm configurations. The 0
configuration corresponds to neutral initial configuration as shown in Fig. 4E. Other configurations correspond to conditions when the endpoint
was displaced along axes of the base frame for 10 cm either in positive or negative directions (see right-hand side).

2.4.1. FMP1
In this case, we use fatigue model to estimate the maximum time within which every muscle can endure under the

given desired endpoint task force and fatigue parameters. The individual force of each considered muscle is estimated
using the previously described machine learning technique. Deriving from the fatigue model in (7), the individual
maximum endurance time for i-th muscle in a given configuration qh and endpoint force f is defined as

Ti(qh, f ) = −
C

fmi(qh, f )
ln(1 − Vth), (9)

where Vth is the specified fatigue threshold for the given muscle. Note that each muscle i can have different thresholds
based on the task conditions. The individual muscle force fm(qh, f ) is obtained from the machine learning.

The maximum endurance time of the whole arm in a given position of endpoint is equal to the minimum of maxi-
mum endurance times of all considered muscles i. Note that in different configurations there are different relationships
between muscle forces and an endpoint force (see Fig. 2), and therefore the endurance time is different. The opti-
misation process then uses the function obtained by machine learning to find the endpoint position within the desired
workspace, where the whole-arm endurance time is maximised as

argmax
qh

(
min

i

(
Ti(qh, f )

))
, (10)

Note that qh is constrained by the joint limits and/or desired endpoint workspace, while f is constrained by the desired
task.

2.4.2. FMP2
The muscle groups are determined by observing how the activation pattern of an ensemble of muscles varies as

the direction of the external endpoint force changes (for an example, see Fig. 3). First, the interested muscles are
divided into two candidate groups through all the possible combinations. This consideration is to divide the involved
muscles into two possibly antagonistic groups, so that the task production can be switched among them. For each
candidate division, we determine the overlap of activation ranges of muscles of each group in different endpoint force
directions. If the overlap is large, the given combination of muscles has a strong mutual function and these muscles are
considered to be more likely part of a coherent group. Then we check how much the activity ranges of both candidate
groups are overlapping each other. If they do not considerably overlap, then we consider the two groups to have a
good antagonistic function and should be more suitable for the proposed fatigue management based on the alternation
of activity/rest phases of the two groups. The reward function for finding the most suitable combination of muscles

7
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Figure 3: Results of the muscle group assignment. The left graph shows the individual muscle forces with respect to the direction of endpoint force
(with the desired magnitude of 40N in this case). 0◦ means the endpoint force is produced in anterior direction and 90◦ means the endpoint force
is produced in upward direction of the human arm base frame (see the right image in Fig. 4). The muscle forces are normalised to their maximum
values. The right graph shows the range of activity of each muscle as described by (13). The outermost rings show the ranges of two muscle groups
suitable for fatigue management as described by (14). Six dominant muscles are considered: Biceps Brachii (BB), Triceps Brachii (TB), Anterior
and Posterior Deltoid (AD and PD), Pectoralis Major (PM) and Latissimus Dorsi (LD). The proposed method assigned BB, AD and PM into G1
and TB, PD and LD into G2.

for the two candidate groups is defined as

γ = min
(∑
+

c1,
∑
+

c2
)
·
∑
+

(c1 ⊕ c2), (11)

c j =
∑
∧

a ji(φ), (12)

where a(φ) is a vector that contains muscle activation levels in different endpoint force directions φ, index i denotes
muscle, and index j signifies candidate group. The elements in the vector c1 reflect the overlapping activity states of
the first group of muscles in different endpoint force directions, c2 is the same for the second group of muscles, ∧
and ⊕ stand for logic AND and XOR operations, respectively. The operator

∑
+ calculates the sum of all elements in

a vector and returns a scalar value, while the operator
∑
∧ represents a bitwise AND operation across all activation

vectors ai and returns a vector.
Note that the algorithm goes through all possible divisions of muscle groups and selects the two groups with the

highest reward, i.e., max(γ). The left part of the product in (11) provides the information about the coherency of
muscle functions in either group under a given division of muscles, i.e., how well the muscles in each group act in a
coordinated manner. For example, if the muscle within the candidate group have a large overlap in the activation in
different endpoint force directions, then it means that their coherency is good. The right part of the product in (11)
provides the information about how well the two given candidate groups of muscles act antagonistically. For example,
if the two groups of muscles do not have a large overlap in activation, then they can be considered more antagonistic.

When more than two muscles per group are considered to calculate c in (12), AND operation is performed among
muscle activity vectors a of all muscles within the group. In addition, in certain combinations, a group includes only
one muscle and therefore c j = a ji. The activation or inactivation is determined by the fatigue/recuperation stages and
is defined as

a(φ) =

1 if fm(qh, f , φ) ≥ fth
0 if fm(qh, f , φ) < fth

, (13)

where the muscle force fm depends on the joint configuration qh, magnitude of endpoint force f and its direction φ.
In the example presented in Fig. 3, the method assigned BB, AD and PM muscles to the first group, and TB, PD

and LD muscles to the second group, since this particular combination yielded the highest reward γ.

8



/ Robotics and Computer-Integrated Manufacturing 00 (2019) 1–17 9

After the two distinctive groups are defined by the above-mentioned method, the task of the fatigue management
method is to find a feasible range of endpoint force production directions for each group of muscles, so that the other
group is inactive (i.e., in rest). The proposed approach is defined as

G1(φ) = o1 ∧
(
¬o2

)
,

G2(φ) = o2 ∧
(
¬o1

)
,

oj =
∑
∨

a ji(φ),
(14)

where oj is the activation range of the j-th group of muscles and ¬oj is inactive range obtained by bitwise negation ¬.
The operator

∑
∨ represents a bitwise OR operation across all activation vectors ai and returns a vector. For example,

the feasible activation range of the first group G1 is equal to the subset of directions where one or more muscles from
the first group is/are active and at the same time none of the muscles from the second group is active. This enables
the muscles of the second group to relax anywhere inside the endpoint force angle range G1, in which the first group
is active. The opposite is true for range G2. See the right graph of Fig. 3 for details.

Giving a range of endpoint force directions, instead of one single direction, enables more options for different
applications and users. For example, if there are some limitations in task production (e.g., obstacles, human or robot
joint limits, etc.) that may eliminate a part of the range, there can still be some other part of the range left, where
the force can be produced. Note that choosing different directions within the specified range yields different muscle
activity conditions (see the left graph of Fig. 3). For example, in some directions one muscle may be more active than
the other muscles in that group. In a specific task example that was considered in the experiments in section 3.2, we
selected the direction within the given range of directions based on the limitations of the human and the robot joint
limits.

When the human is collaboratively performing a co-manipulation task, the muscle forces are obtained by the
learnt GPR and the robot uses (7) to estimate the fatigue of specific muscles. When any of the muscles in the currently
active group reaches the predefined threshold Vth, the proposed method uses (14) to make the robot change the task
frame orientation in Cartesian space in order to remove the tired group of muscles from the desired endpoint force
production, and consequently involves the relaxed group of muscles.

2.5. Robot Controller

We used Cartesian impedance controller to govern the robot interactive behaviour as

f = Kr
(
xa − xd

)
+ Dr

(
ẋa − ẋd

)
, (15)

where f is the end-effector force acting from the environment on the robot, xa and xd are actual and desired end-
effector pose, respectively, Kr is Cartesian stiffness matrix and Dr is Cartesian damping matrix, which is obtained by
double diagonalisation design [43]. When the robot interacts with the human, the force f in (15) corresponds to the
force at the human arm endpoint from (3).

The interaction force produced by the human f was included in the control of robot dynamics as

Mr(q)q̈r + Cr(qr, q̇r)q̇r + gr(qr) = τr + JT
r (qr) f , (16)

where τr is a vector of robot joint torques, qr is vector of robot joint angles, J r is the robot arm Jacobian matrix, Mr

is inertial matrix, Cr is Coriolis and centrifugal matrix and gr is gravity vector.

3. Experiments

The experiments included two tasks; the first was related to FMP1 and the second was related to FMP2. The
objective of the first task was to polish a surface of an object held by the collaborative robot. By using the proposed
method, the robot found a position in Cartesian space where the human could perform this task the longest, considering
the fatigue in the arm muscles. The objective of the second task was to perform drilling into an object held by the
robot. The robot monitored the fatigue of the human muscles and switched the configuration of task production

9
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Figure 4: Illustration of experimental setup for human-robot collaborative object polishing (left column photos) and object drilling (middle column).
The photo A shows the optimised polishing position for the case when the desired force direction is pointing upward. The photo B shows the
optimised polishing position for the case when the desired force direction is pointing downward. The photo C shows the drilling task in the case
where the first group of muscles G1 is involved and the second group G2 is relaxed. The photo D shows the condition after the robot changed the
working configuration and therefore G1 is relaxed and G2 is active. The model of the human arm in the neutral initial position (as in photos C and
D) from OpenSim is shown in the photo E. The two frames represent the robot arm base frame (left) and the human arm base frame (right).

to alternate between the active and relaxed modes of the predefined muscle groups and made sure that the human
coworker was in a good condition.

Six male subjects participated in the experiments, who gave their informed consent. The study was approved by
the Regional Ethics Committee of Liguria (IIT HRII 001, 108/2018).

3.1. FMP1
In this scenario, there was a constraint on the direction of the endpoint force required to complete the task. Such

constraint may arise due to the various working conditions and task specifics that are present in real-world setting.
For this demonstration experiment, we show two force directions; one is polishing vertically upward and the other is
polishing in the same axis in the opposite direction (i.e., downward). See also photos A and B in Fig. 4 for illustration.
The reference force for both cases was 40 N.

The results of the upward force direction are shown in Fig. 5. The left four graphs show the muscle activity for
four considered muscles2 in different endpoint positions of Cartesian space. Since the force was pointing upward, BB
and AD were activated, while TB and PD were mostly at rest throughout the selected workspace. The graph on the
right side shows the estimated maximum endurance time of the arm in different endpoint positions of Cartesian space
based on the considered muscles. Using (9) and (10), the robot calculated the optimal position where the endurance
time was maximised (28.6 seconds). In this particular case, the optimal position was (x = −0.1, z = −0.2). This can
also be confirmed by observing the left graph of Fig. 5.

To show that different desired polishing force direction yields different results, we performed a supplementary
experiment where the force direction was reversed. The results of this experiment are shown in Fig. 6. It is clear
from the graphs on the left side that muscle activity is different in comparison to Fig. 5. This is because the force is
pointing downward and therefore TB and PD had to be activated, while BB and AD were mostly at rest throughout
the selected workspace. Using (9) and (10), the robot calculated the optimal position where the endurance time was
maximised (907.0 seconds), which was in this particular case at (x = −0.05, z = 0.2). Note that the endurance time
is much higher in this case, which can be primarily attributed to the gravity assisting the endpoint force production in
downward direction.

2For this demonstration experiment we used BB, TB, AD and PD muscles. Note that considering different muscles or more of them would
change the result.
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Figure 5: Results of the first experiment (upward endpoint force direction for polishing task). The graphs on the left side show the muscle activation
(normalised to maximum force value) when producing the desired endpoint force in different positions of arm endpoint. The graph on the right
side shows the endurance time (in seconds) for producing the desired endpoint force in different positions of arm endpoint. The position of arm
endpoint (0,0) corresponds to configuration shown on the right photo of Fig. 4.

3.2. FMP2

The second experimental task was a collaborative human-robot object drilling (see photos C and D Fig. 4). In
this scenario, there was a constraint on the endpoint position of the task production. While this constraint can be
dictated by various working conditions and task specifics (e.g., obstacles in workspace, etc.), for this demonstration
experiment we selected the position constraint as a neutral position based on the minimisation of overloading joint
torques and maximisation of endpoint manipulability [19].

As a part of the second experiment, the human applied the force perpendicularly to the object surface in order to
perform the drilling action. The reference force was 40 N. Initially, the object surface was rotated in a way that the
human had to produce the endpoint force at an angle of 45◦ with respect to the horizontal axis in the sagittal plane
(see Fig. 3 and Fig. 4C for details). When the robot detected a certain level of muscle fatigue in the human arm, it had
to reconfigure the object in a way that the other group of muscles (e.g. antagonistic) were active, while the currently
tired group of muscles could relax. This was done according to FMP2, as explained in section 2.4.2.

The main results of the second experiment for one subject are shown in Fig. 7. In the first graph we can see how
the human maintained the reference endpoint force required for the drilling action. The photo C in Fig. 4 illustrates
this initial configuration of task production. When the human was producing the endpoint task force, the muscles from
the first group G1 were active, as it can be confirmed by observing the second and fourth graphs. Note that the EMG
measurements in the fourth graph are not necessary for method operation, but are merely presented as an additional
validation.

While the muscles were active, their estimated fatigue gradually increased (see the fifth graph). At the point when
the fatigue of any of the G1 muscles reached a predefined threshold (in this case AD reached first), the robot used
FMP2 to change the configuration. By doing so the involvement of the tired group of muscles in the desired task
production was minimised. In these experiments we set the fatigue threshold to 70 %3. The bottom graph shows how
the robot changed its endpoint configuration in order to facilitate a new configuration of the drilled object. For further
illustration, see photo D in Fig. 4 that shows the actual experimental setup.

3Note that this threshold can be selected based on the task specifics and desired working conditions.
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Figure 6: Results of the first experiment (downward endpoint force direction for polishing task). The graphs show the same variables as those in
Fig. 5 under different desired endpoint force.

After the robot changed the configuration of the object, the direction of drilling force was changed. The new task
force was rotated by -90◦4 with respect to the horizontal axis in the sagittal plane (see Fig. 3 and Fig. 4D for details).
While the initial and new directions are not exactly opposite, we distinguish them in the first graph of Fig. 7 by a
negative force sign. The effect of the new condition can be observed in the second graph, where the muscle activity
of the first group G1 decreased. In turn, the muscles of the second group G2 took over the task force production and
therefore their activity increased, as it can be observed in the third and the fourth graph.

In this experiment, the muscle force threshold that determines the relaxation mode was set to 0.02% of MVC for
all muscles5. The relaxation phase of the first group of muscles G1 can be observed in the fifth graph, where we can
see how the fatigue levels gradually decreased. On the other hand, the estimated fatigue levels of the second group
of muscles G2 gradually increased as a result of their increased activity. When one of the muscles of G2 reaches the
predefined fatigue threshold, the load can be again redistributed to the muscles of G1 and the process can repeat.

To show the variation of different selection of force direction within the obtained feasible range (illustrated by
Fig. 3), we conducted an additional experiment where the initial drilling direction was changed from 45◦ to 135◦.
The results of this experiment are shown in Fig. 8. If we compare the muscle activations of G1 between Fig. 7 and
Fig. 8, we can see that more load was redistributed from AD to BB. Consequently, in this case BB reached the fatigue
threshold first, as it can be observed in the fourth graph.

To validate the method from a quantitative perspective we conducted experiments on multiple subjects. The
experimental task was the same as above. The subjects started to produce the reference force in the initial working
configuration (45◦). When the robot detected that the fatigue of any muscle in the first group G1 reached the predefined
threshold (70 %), the robot reacted by changing the working configuration to -90◦. In the new configuration the first
group of muscles G1 could relax and the second group G2 became active.

The results of multi-subject experiments are shown in Fig. 9. Initially, the majority of the task load was on BB
and AD muscles that belong the first group G1. When the fatigue reached the threshold, the robot altered the working
configuration in order to put the tired group of muscles to rest. We can see that on average the activity of the first
group of muscles G1 was reduced when the robot changed the working configuration (comparison between the first

4We selected this direction among the given range of directions by considering the human and the robot joint limits. Note that the robot could
select any other direction that is within the given range and that satisfies the human and the robot joint limits.

5Note that different thresholds can be used based on a specific application.
12
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Figure 7: Results of the second experiment (drilling task) for the initial angle 45◦. The first graph shows the desired (blue) and measured (red)
endpoint force. The estimated muscle forces (normalised to their maximum values) for the first group G1 (BB, AD and PM) are shown in the second
graph, while forces for the second group G2 (TB, PD, LD) are shown in the third graph. The muscle activity signals as measured by EMG are
shown in the fourth graph. Note that the EMG measurement is not required for method operation and is presented only as an additional validation.
The estimated fatigue level for each muscle is shown in the fifth graph. The bottom graph shows the direction of endpoint force applied by the
robot in the robot base frame that is shown in Fig. 4, where the angle is in x-z plane. The angle -90◦ is when the robot endpoint points downward
and 90◦ is when it points upward (both along z-axis).

and the second stage). On the other hand, the activity of the second group of muscles G2 increased after the transition.
In particular, TB muscle took over the majority of the task load6. This reduction/increase of muscle activity pattern
was observed for all subjects. This confirms our hypothesis that the robot was able to offload the tired group and
involve the group of muscles that was previously resting.

To further validate the hypothesis, we conducted a comparison study between the case when our method was used
by the robot to selectively offload the tired muscle group, and the case when the robot did not use the method. To do
so, each subject performed an additional experiment, where the robot did not change the working configuration. For
the sake of comparison, the subjects had to produce the task without the method in the initial configuration for the
same amount of time as they produced it with the method in both configurations 7. Note that the transition time, when
the robot was performing a reconfiguration trajectory, was deduced in order to make it fair. As a part of subjective
evaluation, after the experiments each subject had to answer the following questions:

1. After stopping the task execution in case when the fatigue was NOT managed, I felt my arm muscles were tired.
2. After stopping the task execution in case when the robot managed the fatigue, I felt my arm muscles were LESS

tired.
3. Overall, I prefer the case when the fatigue was managed by the robot.
4. The fatigue management method is useful for producing repetitive or sustained application of forces in common

industrial tasks.

6Note that by selecting a different configuration (i.e., endpoint force direction), the robot could involve PD and LD more. However, considering
this particular task and tool, there was a limitation on human wrist rotation (i.e., ulnar deviation was close to the physical limit).

7The experiment time was equal to the sum of endurance times of the first stage and the second stage, and the transition time required for the
robot to change the configuration. For example, the considered experimental time in Fig. 7 would be 69 seconds, while the transition time is the
part between the 30th second and the 45th second. Since endurance times of muscles are subject dependent, the experiment time also varied among
the subjects.
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Figure 8: Results of the second experiment (drilling task) for initial angle 135◦. The first graph shows the endpoint force. The second graph
shows the estimated muscle forces of the first group G1. The EMG-based muscle activity is shown in the third graph. The bottom graph shows the
estimated muscle fatigue.

The possible answers (scores) were: strongly agree (2), agree (1), neutral (0), disagree (-1) and strongly disagree (-2).
The results of the multi-subject subjective evaluation are shown in Fig. 10. As expected, all subjects agreed that

their arm muscles were less tired when the proposed method managed the fatigue. In addition, they preferred to
perform the task in the case when the robot managed the fatigue. The subjects also generally agreed that the proposed
method would be useful for producing repetitive or sustained application of forces in common industrial tasks. The
results of subjective evaluation further supports the hypothesis that proposed method is able to manage the fatigue in
a way that the tired muscles are put to rest and the relaxed muscles are involved in the task production instead.

4. Discussion

To demonstrate the applicability of the proposed method, we performed experiments on two industrial tasks: pol-
ishing and drilling. The method provides two protocols that can be used in both planning and online adaptation.
While planning is essential in large-scale production processes, online adaptation is crucial in flexible and reconfig-
urable production processes involving human-robot collaboration. The safety and well-being of the human coworker
is the most important aspect of such collaborative process, therefore our method provides a solution to manage the
human muscle fatigue. Minimising and keeping the muscle fatigue within the desired limits contribute to ergonomic
working conditions of the human and can potentially prevent productivity degradation due to excessive physical fa-
tigue or injuries.

The subjects assessed the method overall in a very favourable manner (see Fig. 10). However, some subjects put
only ”agree” instead of ”strongly agree” to question 3 and question 4. In case of question 3, the subject reported that
he felt felt strong enough to do it in both cases, but still agreed that the case with the proposed method took much less
effort. In case of question 4, some subjects felt that they do not have enough experience with the industrial processes
and therefore only agreed.

One of the main advantages of the proposed method is that all the measurements can be performed by the sensory
systems on the robot side, which can significantly increase its application in the industrial and other real-world settings.
The interaction force can be measured by a force sensor mounted on the robot arm, while human kinematics can be
measured by the robot’s vision system. It is fair to note that in this study we employed an expensive motion capture
system that required to put optical markers on the human body. However, this system can easily be replaced by more
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affordable robot vision systems that can extract the limb configuration without any sensors on the human body (e.g.,
MS Kinect, etc.).

Unlike ad-hoc methods [20], which assume that the external force is entirely attributed to the observed muscle
force, the proposed muscle force estimation method uses complex modelling, which separates the contributions of
individual muscles. While taking the advantage of the complex offline modelling methods, the prediction of the
individual muscle force is performed online. This property is essential in estimation of the human fatigue in real-time.
On the other hand, compared to methods that use EMG sensors to measure the fatigue of individual muscles [21],
the proposed method does not require any sensors on the human arm. Another advantage over the online EMG-based
fatigue estimation method is that the proposed method can estimate force of muscles that lay deeper in the body and
are difficult to reach by surface EMG.

A potential disadvantage of the proposed online muscle force prediction method is that it requires the training data
across the workspace that dictated by the task. If the task is straightforward and is well defined, the training dataset
can include a limited amount of configurations and endpoint forces. To cover the entire workspace of the arm with
high amount of sampling points may be time-consuming and could slow down the real-time prediction capacity of
GPR. Since GPR is a type of global regression, it considers all training data points in the calculation of prediction. An
alternative is to use complimentary machine learning methods that employ local regression, such as Locally Weighted
Regression [44] or Local Gaussian Process Regression [45]. However, due to the approximation of each local area
with a separate model, these alternative methods tend to be less precise and therefore a tradeoff between accuracy and
speed should be considered.

Another potential drawback is that the proposed muscle force and muscle fatigue model parameters are subject
dependent and need to be calibrated for each human worker separately. Nevertheless, once the offline calibration pro-
cess is done, the parameters can be subsequently reused in the online task production for extended periods (assuming
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that the human body properties remain relatively constant).
Further potential limitations can be associated with the used hardware and working conditions. If the used hard-

ware (e.g. optical motion capture system or vision) is not precise, the estimation of arm pose will suffer in precision
and the proposed method will be affected. In addition, some working conditions may cause that something blocks the
field of view of motion capture system or vision and the arm configuration might temporarily not be measured. Such
conditions should be avoided in order for the proposed method to work optimally.

As we stated in section 2.4.2, the muscle division approach provides a range of possible endpoint force directions
(right graph of Fig. 3), instead of one single direction. The advantage of this is that the range offers more options
when considering various applications, conditions and users. For example, if we want to weight the involvement of
muscles in a specific group, we can select the direction within the range, where some muscles are more active than
the others (left graph of Fig. 3).

In this study we considered two main constraints of working pose: position constraint and orientation constraint.
In practise, other constraints can be considered, such as, the human must see the interaction between the tool and the
object. In such case, the configuration presented in Fig. 4A could not be considered from the beginning.
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