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Abstract—Designing the layout of a work cell remains a
challenging problem due to the large search space of possible
layouts which is often subjected to a variety of optimization
objectives. This paper proposes a model-based methodology to aid
the layout design of a collaborative work cell. This model takes
into account feasibility, reachability, safety and ergonomics as
constraints in the layout optimization formulation. Determining
reachability and static placement feasibility is accomplished using
3D Computer Aided Design (CAD) files as inputs combined
with inverse kinematics. Geometric characteristics, like bounding
boxes, and assembly requirements are determined from the 3D
CAD files and used in the layout optimization. Inverse kinematics
is used to calculate the reach of the robots and to reliably
estimate ergonomic workload of an operator in the work cell.
The optimized layout of the work cell is visualized for every
start and end point of an assembly task, which allows to provide
task instructions to operators and could potentially be used to
program the robots and cobots. The methodology is validated on
a practical use case.

Index Terms—Collaborative work cell, Model-based design,
Mixed integer linear programming, Inverse kinematics, 3D CAD
files.

I. INTRODUCTION

A current challenge in manufacturing is the design of a
work cell’s layout. The layout of such a work cell needs to
be optimized, but is usually subjected to multiple and often
conflicting design objectives such as: cost, lead time, space,
operator mental load and operator ergonomics. Furthermore,
the coming to market of cobots, robots that are designed to
safely interact with human operators [8], makes the optimiza-
tion task even more exacting due to the additional challenge in
distributing tasks to either a human or a cobot, and due to the
increased number of possible layouts. However, the potential
economic gain in designing a good layout can be significant. In
addition, a collaborative work cell, where humans and cobots
cooperate to accomplish a certain task, has the advantage the
operator’s ergonomics and mental load can be improved as
cobots can perform heavy and repetitive tasks.

While designing a good work cell is still an art, tools
for evaluating work cells have already become widely used.
Performance attributes like cost, space and lead time can be
calculated with relative ease once a design is put forward.
Additionally, more advanced tools are able to estimate the

ergonomic load of the operator [6], [17]. The knowledge
implemented in these tools is mostly based on surveys [19]
or information measured by wearables that detect posture or
muscle strain of the operator [5], [9]. These tools can be used
by designers to compare, rank or weigh different work cell
designs against each other.

Even though good ergonomic evaluation tools exist, the
ergonomic work load is often neglected in the optimization
of a work cell. However, it is an important hidden cost as
people have to work longer and the average age of the work
force increases. An excessive ergonomic load can lead to
musculoskeletal disorders, which have a significant economic
impact [4].

At least two stages can be distinguished in the design of
a work cell. First, different tasks have to be scheduled and
assigned to resources, where the term resource includes robots,
cobots, machines, conveyor belts, operators, etc. Second, the
geometric layout of the cell has to be determined taking into
account certain goal values. The objective of this paper is to
focus on the latter and reach a computer-aided and model-
based approach to help the designer in laying out the geometry
of the work cell, taking into account space limitations and the
operator’s ergonomic work load.

The main contributions presented in this paper are:

• The focus on the ergonomics of the operator during the
optimization of the physical layout of a collaborative
work cell;

• The usage of an inverse kinematics algorithm for robots to
avoid overlap in the work cell and thus assure feasibility;

• The usage of an inverse kinematics algorithm for humans
to also determine ergonomic scores for operator handlings
which are taken into account during optimization.

The remainder of this paper is structured as follows:
Section II describes the state of the art on both work cell
optimization and ergonomic evaluation, Section III describes
the optimization problem in more detail, Section IV illustrates
the approach on a production use case, Section VI summarizes
the conclusions, and finally Section V contains ideas for
further research.978-1-5386-9257-8/19/$31.00 c©2019 IEEE



II. STATE OF THE ART

A. Work cell optimization

In scientific literature, work cell optimization is a broad term
referring to different optimization problems in which we can
distinguish four main interpretations. A first interpretation is
the optimization of the resource allocation of a work cell. Here,
the input consists of a list of assembly steps and the output is
a set of resources that is able to execute these assembly steps.
The objective of the optimization problem can, for example,
be the resource cost. Constraints on functionality and payload
of the resources are taken into account. The approaches in
[10], [14] are examples of this interpretation.

A second interpretation focuses on the optimization of the
task distribution between humans, robots or cobots without
assigning specific resources [3], [23], [25]. A list of capabili-
ties of different types of resources are used as input, together
with the list of assembly steps of the product. The objective
is the feasibility of task distribution, while also allowing
to optimize for cost or efficiency. Another objective can be
ergonomic work load of the operator, again based on work
load estimations, since no detailed work cell layout is known
at this moment. In [25], cognitive load of the operator is taken
into account during optimization.

A third interpretation is the optimization of time schedul-
ing the assembly tasks [7], [16], [22]. A task and resource
allocation is used as input and minimizing throughput time is
the objective. However, also here, only time estimations are
available, since the detailed layout is still unknown.

A fourth interpretation is the optimization of a work cell’s
physical layout which is the interpretation that is focused on
in this paper. Design of work cells for human-robot collab-
oration has already been applied in [26], [27], where a 3D
simulation tool is connected to an analytic tool for estimating
characteristics like used work cell space, ergonomic load and
throughput time. The result is a number of alternative work
cell layouts with their respective goal values. In contrast, our
approach is purely analytic and incorporates goal values, like
ergonomic scores, directly into the optimization problem that
determines the work cell layout, while allocation of resources
is done upfront. This allows for an accurate work cell layout
and ergonomic evaluation.

Finally, combinations of the four previous described inter-
pretations have also been investigated in literature. In [10],
three types of task and resource allocation are discussed:
Global Task and Resource optimization, Task optimization
and local resource allocation, but with resource alternatives,
Task optimization and local resource allocation (optimization),
with prioritized resources. The authors in [12] focus on the
non-linear problem for the base placement, task sequencing
and motion coordination of a robot arm and a rotating table.
In [18], a broad approach is suggested that looks at task
extracting, human robot task allocation and task scheduling,
but does not focus on work cell layout.

B. Ergonomic evaluation

Currently, many tools exists which allow the evaluation of
ergonomics by using either surveys or either wearables that
either detect posture or measure muscle strain of an operator.
Most of these tools focus on the ergonomics of a specific
situation. For scoring the posture of an operator standing or
sitting at a work station, potentially during repetitive tasks,
the Rapid Upper Limb Assessment (RULA) scoring [19] can
be used. Alternatively, the Rapid Entire Body Assessment
(REBA) tool [15] assess postures during static or rapidly
changing actions. Another tool to asses the impact of repetitive
tasks, is the Assessment Of Repetitive Tasks Of The Upper
Limbs (ART) tool [13]. For lifting heavy loads from different
heights, the NIOSH lifting equation [29] offers a quantitative
way of assessing lower back strain on the operator. Other
assessment tools include the strain index [20] and the Rodgers
Muscle fatigue analysis [24]. The website [17] offers online
calculators to evaluate several ergonomic scores, such as
RULA, the NIOSH Lifting Equation, the WISHA Lifting
Calculator, the Rapid Entire Body Assessment (REBA), the
Liberty Mutual Manual Material Handling Tables (Snook
Tables), and the Washington State Ergonomic and MSD Risk
Assessment Checklist.

III. LAYOUT OPTIMIZATION

This section introduces our model-based design methodol-
ogy for optimizing the layout of a collaborative work cell.
First, the general problem description is given. Subsequently,
the decision variables, goal function and constraints are dis-
cussed in detail.

A. Problem description

The input for our model-based design methodology consists
of the assembly steps of the product, the task allocation of
the assembly steps to resources, a schedule of the assembly
steps, specific constraints for the work cell (e.g. the space
limitations, positions where work pieces enter/exit the work
cell, . . . ) and the 3D Computer-Aided Design (CAD) files of
both the product components and resources. The 3D CAD files
are used to extract geometrical information, such as bounding
boxes, from the product components and resources. Moreover,
these 3D CAD files are also used to assure reachability and
calculate ergonomic work load by applying inverse kinematics
to the robots and human operators.

These inputs are used in the analytic formulation of the
optimization problem that describes the necessary relations
and physics of the components. The formulation of the op-
timization, which combines the scheduling information with
the geometric inputs from the CAD files, is described below.
The output of the problem consists of the layout of the work
cell with the detailed positioning of the resource components
at every start and end point of an action. Moreover, an
ergonomic score as well as other performance values are
possible outputs of the optimization approach, depending on
the chosen optimization objective.



This optimization problem can be mathematically formu-
lated as

minimize
x

w1 · E (x) + w2 · S (x) + w3 · P (x) (1)

subject to
f (x) = 0,

g (x) ≤ 0,

where x is a vector containing the decision variables related
to position and orientation of the different work cell elements,
E (x) is the ergonomic score of a layout, S (x) the space
occupation of the work cell, P (x) an additional performance
indicator of interest, f and g contain the coefficients for
the feasibility constraints, and w1, w2 and w3 are weighting
factors. Applying a weighted objective formulation does not
have to be restrictive, as in many cases ergonomics is a priority
(i.e. w1 is chosen to favor E (x), and w2 might be expressed as
an equivalent cost of occupied factory space). Multi-objective
optimization, like, e.g. computing a Pareto front, is out of the
scope of this paper.

The problem is formulated using discrete variables x and is
solved using a NLIP solver.

B. Decision variables

The two main decision variables of Equation (1) are the
position and orientation of the work cell elements (i.e. product
components and resources) in each action. To discretize the
positions, the positions are expressed on a discrete grid of
size 1dm.

The orientation of each work cell element (i.e. product
components and resources) in each action is described by one
or more of angles around predefined rotation axis or points. For
work pieces, only one rotation point is defined in the centre of
gravity. For robots and operators, the rotation axes and rotation
points lie at the joints, see e.g. Figure 1. The angles of the
robots and operators are related to the stance of the arms and
the position of the hands or end effector.

To alleviate some of the computational cost during opti-
mization, the rotation-related information is extracted from the
3D CAD files ahead of the optimization. In this preprocessing
procedure, first, the axis-aligned bounding box for each part of
the assembly from the input CAD files is calculated. Second,
for each robot in our resource library, the set of points which
can be reached by the robot is determined by using an inverse
kinematics algorithm. To limit the number of points, only
points are considered that lie on a regular grid with grid
size 1dm and the origin of the grid aligned with the origin
of the 3D model of the robot, see (Xr, Yr, Zr) in Figure 1.
For each point on the grid, we use the Cyclic Coordinate
Descent (CCD) algorithm to (i) test whether the robot can
reach the point, and (ii) find the configuration of the robot
(i.e. the angles of the robot joints). The CCD algorithm tries
to minimize the distance between the end effector and a target
by iteratively fixing part of the rotational coordinates and
using analytical formulas. More details can be found in [28],
[21]. An example of such a grid of reachable points, which
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Figure 1. Example of the orientation and positioning of the robot. The robot
position is expressed in global coordinates (Xg, Yg, Zg), the position of
the parts in robot coordinates (Xr, Yr, Zr) and the sizes of the parts are
expressed as the maximum coordinates in part coordinates (Xpi , Ypi , Zpi ),
for i = 1, . . . , 3. Position of the “hand”, [xh, yh, zh] is expressed in the
robot coordinate system (Xr, Yr, Zr) and determined by the three angles
(α1, α2, α3). CAD model: [1].

Figure 2. Visualization of a robot’s reach cloud. To generate the reach cloud,
a Cyclic Coordinate Descent (CCD) inverse kinematics algorithm is used to
test for each point on a regular grid of 1dm centered around the robot whether
it can be reached by the robot. CAD model: [1].

we refer to as the reach cloud, is shown in Figure 2. Each
point is implicitly linked to a certain combination of angles
in each of the joints. Typically, for many grid points, there
are multiple combinations of angles that solve the inverse
kinematics problem. For robots, angles are chosen that follow
logically from the neighboring points, i.e. there are no large
jumps in angles when moving from one point to its neighbor.
For the operator, additionally, the angle combination is chosen



that minimize the RULA score among all possible angles
that allow reaching a gridpoint, presuming the aforementioned
smooth transition of angles is satisfied.

To avoid excessive calculations during the optimization,
the optimization routine works with these predetermined grid
points, and the corresponding position of the different parts
of the robot or operator. The optimization routine returns the
optimal orientation of the parts as an index that indicates the
optimal grid point for each player in each action. Afterwards,
this index can be linked back to a combination of angles that
can be fed to the visualization routine or could be the input
for the robot controller.

C. Goal function

The goal function consists of the ergonomic score E (x),
the work cell surface S (x), and a potential third metric P (x).

The space S (x) is considered to be shaped as an axis-
aligned box and can thus be determined based on the minimum
and maximum coordinate in each of the three main directions.

To score the ergonomics, a combination of two ergonomic
assessment formulas is used. First, when the operator is
applying an action that does not involve picking up or placing a
work piece down, only the RULA scoring system is used [19].
RULA scores the operator on its stance while working over
the table and handling the different work pieces. Recall from
Section III-B that the stance of the operator is defined through
a grid of reachable points, where each point corresponds to
a set of angles for the joints of the operator. The RULA
score is defined through the same angles, so each stance point
corresponds to a certain RULA score. Three angles are taken
into account to compute the RULA score: the hip angle, the
angle of the shoulder and the angle of the elbows, as well as
the weights of the items being handled. The RULA scoring
system contains many other criteria that determine the score,
like wrist angles, twists, leaning and frequency of the actions.
These are however not yet taken into account, and presumed
to be optimal while computing the score.

When the operator is involved in picking up or placing
an object down, both RULA scoring and the NIOSH lifting
equation are used [29]. The NIOSH lifting equation also takes
into account the vertical and horizontal positioning of the
object being handled. The NIOSH score is computed from
the information of the stance of the operator and through
its movements as well as the weight of the parts. This is
information known during the geometric optimization. As for
the RULA score, twist and frequency of the movement, which
are also part of the NIOSH scoring, are not yet incorporated.

A RULA score of more than 2 indicates that change may
be needed [19]. For the NIOSH lifting index, a value above
1 indicates that a redesign might be useful. Therefore, we use
the following ergonomics related term in the goal function (for
actions involving the operator)

E (x) = RULA (x) + 2 ·NIOSH (x) , (2)

where NIOSH (x) is zero for operations that do not involve
lifting.

D. Constraints

The following constraints are applied to the positions of
the elements in the work cell to result in physically logical
behaviour. First, the positions are constraint to avoid overlap
of the bounding boxes of the different elements in the work
cell. Second, the vertical positions are constraint to limit the
z-coordinates of the elements to the ground or table height.
Third, the elements are constrained to be located within the
area of the work cell. Finally, elements are constrained to move
only when it is demanded by the action at hand.

The reachcloud information, as outlined in Section III-B,
allows overlap and intersection testing between different work
cell components and operators during optimization as well as
testing of the reachability of work pieces.

Further possible constraints that might be of value to the fi-
nal design, but are not yet implemented, include the orientation
of work pieces when joining, safety considerations involving
robots in between actions and more detailed transportation of
pieces, e.g. to avoid conflicts during actions.

IV. APPLICATION

To illustrate our approach we apply our method to a
simplified version of the “clinching case”, which is described
in detail in [14]. The clinching case considers the clinching
of eight corners to a piece of sheet metal casing that has been
folded in four to form a rectangular tube (see the workpieces
in Figure 4).

To illustrate our method, we simplified this problem by
restricting the number of corners to be clinched to four
and applying a very basic, self-performed scheduling and
allocation, without using optimization. Two robots and one
human operator are allocated to perform the following tasks in
order. First the folded sheet metal should be removed from the
folding machine. Second the corners should be transported to
the tube where, finally, they should be clinched by the operator
in sets of two. This scheduling and allocation is depicted in
Figure 3.

Robot 1
Remove casing
from bending
machine

Transport
casing

Remove
casing from
work cell

Robot 2
Transport
Corner 1

Transport
Corner 2

Transport
Corner 3

Transport
Corner 4

Clinch
Corner 1

Clinch
Corner 2

Clinch
Corner 3

Clinch
Corner 4

Operator with
clinching
machine

Figure 3. Allocation and scheduling of the simplified clinching case. One
robot removes the casing from the bending machine and transports the
casing through and out of the work cell. The second robot is responsible
for transporting the corners, which the human operator clinches using the
clinching machine.

All the work cell elements are depicted in Figure 4. Next to
these active elements, the cell also contains three tables. The
z-position of these tables is constrained to the floor, but the
optimization routine is free to choose both the xy-position and
the scale of the tables in every direction. Both the casing and



the corners are restricted to enter the work cell at predefined
locations, representing the supply of work pieces to this work
cell.

Workpieces Resources Operator

×4

Figure 4. Different work cell elements of the simplified clinching case. There
are five workpieces: four edges and one metal casing. The available resources
consist of two robots and a clinching machine. Finally, we also have a human
operator as a resource. (3D CAD files: [2], [1], [11])

The first (larger) robot handles the folded sheet metal, while
the other (smaller) robot and human transport the corners. The
corners are fed to a clinching machine, which is operated by
the operator at the time of the clinching action. The square
tube is held by a fixture at the time of the clinching. The
different robots and work pieces are represented by 3D CAD
files that are analyzed by the geometric preprocessing tool.
This results in the necessary geometric information: bounding
boxes, reach clouds and ergonomics scores. Together with the
predetermined allocation and scheduling results, these form
the inputs to the geometric optimization.

For this case, we optimize ergonomics and work cell area
described by Equation (1), where we specifically want to focus
on ergonomics by using weights w1 = 100, w2 = 1, and
w3 = 0 (since there are no additional performance terms). The
results are returned to the 3D processing tool which results in
visualization of the work cell, as depicted in Figures 5 through
8. The tool finds the optimal location of the clinching machine,
the robots and the tables, as shown in the starting positions of
the work cell in Figure 5.

The casing is fixed into position by the first robot, while the
second prepares the corners. Note that the corners are placed
by the robot on a table with the correct height, so that the
operator does not have to bend his back and can pick up the
corners with reasonable RULA (2) and NIOSH (0.15) score,
see Figure 7. Finally, the corner is clinched to the casing by
the operator in Figure 8. This action amounts to a RULA score
of 3, indicating more significant strain on the operator which
is due to the height of the clinching machine. The stance of
the operator during clinching is determined by the interaction
with the casing which is fixed to the clinching machine. Due
to the height of the clinching machine, the operator has to
lift the right arm higher up which results in a larger shoulder
angle causing an increased RULA score. This is can only be
avoided by using a lower clinching machine.

V. FUTURE WORK

Currently, our methodology assumes that the task schedul-
ing and resource allocation are defined in advance. A first
promising idea that could lead to improved ergonomics would
be to relax this assumption and to link the layout optimization
with the resource and task allocation, such that ergonomic
work load can be taken into account on all three optimization
levels. While our initial tests to integrate the three optimization
levels into one mixed integer linear problem proved to be
too computationally demanding for realistic cases, another
possible solution would be to create a feedback loop between
the layout optimization and the resource and/or task allocation
and running the three optimization stages multiple times.

Related to the idea of a feedback loop, a second idea
would be to use the information from the layout optimization
to update the execution times estimated during scheduling
and resource and task allocation. The output of the layout
optimization provides all distances that must be bridged by
work pieces and resources. These distances can be used to
update the estimates of each task’s time and the total lead
time, which could potentially result in another more optimal
task schedule and/or resource allocation.

A third idea is to extend the collision detection to not only
test at the start and end points of the assembly tasks, but also
during the execution of the assembly tasks. Such an extension
could be used to further fulfill safety constraints, without the
need to make the layout too conservative.

VI. CONCLUSION

This paper presents a model-based methodology to aid a
designer in optimizing the layout of a collaborative work cell,
allowing him to make his own trade-off between optimizing
space occupation and ergonomic work load of the operator.
The methodology presumes resources have been allocated,
tasks have been scheduled and outputs a feasible work cell,
guaranteeing no static collisions between work pieces and
resources and that all the work pieces are reachable by robots
and operators during their assigned actions.

The major contribution of our work is the detailed er-
gonomic score evaluation and the reach cloud computation of
robots and cobots in the optimization routine. Furthermore, ex-
pensive inverse kinematics calculations for evaluating reacha-
bility are avoided during optimization, by calculating the reach
clouds in advance. The geometric information of robots, cobots
and operators, required for reachability and collision detection,
is extracted from 3D CAD files. Furthermore, the input for
overlap constraints, grip points and assembly direction are also
extracted from these 3D CAD files, which makes the input and
optimization more transparent for a designer.

Finally, to validate our model-based design methodology,
we applied it on a realistic use case.
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Figure 5. Start positions of the work cell. Figure 6. The corner is set by the robot.

Figure 7. The corner is picked up by the operator. This action has a RULA
score of 2 and a NIOSH index of 0.15.

Figure 8. The corner is clinched by the operator, using the clinching machine.
This action has a RULA score of 3.
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