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Abstract

The actual use of Industrial Robots (IR) for assembly systems requires the exertion of suitable strategies allowing to
overcome shortcomings about IR poor precision and repeatability. In this paper, the practical issues that emerge during
common "peg-in-hole" assembly procedures are discussed. In particular, the use of passive Remote Center of
Compliance (RCC) devices, capable of compensating the IR non-optimal performance in terms of repeatability, is
investigated. The focus of the paper is the design and simulation of a flexure-based RCC that allows the prevention
of jamming, due to possible positioning inaccuracies during peg insertion. The proposed RCC architecture comprises
a set of flexural hinges, whose behavior is simulated via a CAE tool that provides built-in functions for modelling the
motion of compliant members. For given friction coefficients of the contact surfaces, these numerical simulations
allow to determine the maximum lateral and angular misalignments effectively manageable by the RCC device.
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1. Introduction

Facing assembly processes using anthropomorphic Industrial Robots (IR) implies the build-up of a “high-tech work
area”, where a strong cooperation between the robot itself and all the auxiliary equipment/component is enabled. As
compared to operations performed by human workers, the main difficulties of an Automated Assembly Process (AAP)
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are related to the imperfections in the relative positioning of the parts to be mated. In fact, despite any source of
imperfection, manual operators can easily handle the task thanks to their ability of precisely compensating positioning
errors, the capability of sense and react to excessive contact forces (i.e. load control), and the inherent variable
compliance of the human hand (i.e. stiffness control during contacts) [1,2]. Ideally, if an assembly cell operating in a
structured environment could guarantee high-precision parallel alignment between the mating surfaces, the parts to be
mated being always identical and perfectly manufactured, the assembly task could be successfully completed without
the aid of error-compensation strategies. On the other hand, the IR limited precision/accuracy, the
dimensional/geometric tolerances of the parts, the dimensional and mounting errors in the jig and fixture systems [3],
along with the existence of time-dependent phenomena, such as components wear and dependency on external
(uncontrollable) factors, require to be carefully considered whenever designing and commissioning a robotized
assembly cell. Similarly to other IR-based manufacturing processes (such as robotic deburring [4]), the error sources
in an AAP may be classified as follows:

®  Robot-dependent sources, which may be furtherly classified into geometrical and non-geometrical errors
[5,6]. Geometrical errors are due to imperfect geometries and mating/assembly inaccuracies within the IR
structure, leading to a discrepancy between predicted and actual (static) TCP pose. Non-geometrical errors
arise only during the IR motion. They include un-modeled dynamic effects which are not compensated by
the traditional IR controller, such as non-linear joint stiffness, backlash in the gear reducers, stick-slip friction
effects, and structural deformations. In practice, from a nomenclature standpoint, precision is frequently used
as a crucial IR performance measure; it consists of repeatability, accuracy and resolution. For what concerns
assembly tasks, repeatability may be regarded as more important than accuracy, since it is possible to improve
the latter by properly programming the IR path. Typical values of IR accuracy are in the range of + 1 mm,
although values of 0.3 mm can be reached with an accurate compensation [7].

e  FExternal and environmental sources, such as temperature-dependent disturbances [8], deflections/vibrations
of the robot base attachment, and non-ideal behaviour of any auxiliary device located within the cell. For
instance, a temperature increase due to friction in the sliding parts and actuators’ functioning leads to non-
negligible and hardly quantifiable deformations, since the IR components are characterized by different
thermal expansion coefficients and complex geometries.

o System and process-dependent errors, the first being due to an improper IR calibration, errors within the
sensors measurements and/or numerical approximations performed by the computer that manages the control,
the latter coming from time-varying external forces acting on the IR end-effector. For instance, in the case of
AAP or robotic deburring/machining, the forces exchanged at the robot TCP (henceforth causing undesired
deflection, namely robot-dependent errors) are mainly generated as a result of contacts [9].

Owing to these considerations, it is rather obvious that the abovementioned sources of uncertainty in AAP need to
be addressed via purposely chosen compensation strategies. Since perfect part positioning cannot be practically
achieved and, in any case, the variability due to the tolerances in the mating parts is unavoidable, two main error
compensation methods have been widely studied in the literature [2], namely passive compensation, based on non-
rigid devices connected to the robot flange, or active compensation, based on the use of force/torque sensors mounted
on the IR flange (Fig. 1). As for the latter method, several experimental studies have been reported in numerous
publications (see e.g. [10] for more references). As for the first method, most of the previous work deals with the well-
known Remote Center of Compliance (RCC) mechanism, namely a commercially available device whose advantages
and drawbacks for AAP as compared to solution for active compensation have been clearly discussed in [11]. In the
past, a number of RCC design solutions has been described. For instance, an RCC employing four elastic beams, along
with a procedure for determining the optimal beam parameters is reported in [12]. A solution comprising two
compliant four-bar-linkage mechanisms has been described in [13], whereas hybrid solutions (i.e. sensorized RCC)
have been proposed in [14], in the attempt to combine the advantages of passive and active compensation strategies.
For what concerns RCC analytical modelling, accurate models employing the method of the screw theory are reported
in [15], whereas an analytical analysis of the forces arising during assembly of parts with simplified geometry (e.g.
chamferless cylindrical parts) are reported in [10]. These kind of analysis have also been performed for parts lacking
rotational symmetry about their major axis [16].
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Fig. 1. Peg-in-hole assembly: a schematic of error sources and compensation strategies.
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Within the scenario, the purpose of the present work is to describe the design and simulation of a flexure-based RCC
to be used in common peg-in-hole assembly task. The proposed RCC comprises a couple of flexure-based four-bar-
linkage mechanisms, characterized by a compliant structure whose elastic deformation is localized in “small regions”,
the term flexure being used to indicate the location at which the deflection is concentrated. The proposed mechanism
is analyzed via non-linear Finite Element Method (FEM) and then by means of the Pseudo-Rigid-Body-Model
(PRBM) approach [17,18]. Generically speaking, a PRBM describes a compliant mechanism by a series of rigid links
connected through spring-loaded kinematic joints, its advantages over FEM analysis being a significant reduction of
the computational costs for the numerical analysis. As clearly highlighted in [19], PRBM have been successfully
employed for evaluating the workspaces of several inherently compliant devices [20], for designing non-linear springs
[21], and for analyzing the dynamic behavior of systems comprising compliant elements [22,23]. For what concerns
the engineering tools employed during design and simulation activities, the software Solidworks has been used for the
computer-aided-design of the parts, whereas the software Recurdyn has been used to simulate the overall peg-in-hole
assembly process. Differently from an analytical approach, this method leverages on the capabilities of general-
purpose CAE tools and allows to quickly simulate the peg-in-hole insertion at varying friction coefficients between
parts and insertion speed. For a specific case study (i.e. insertion of cylindrical chamfered peg into a chamfered hole)
and given friction coefficients of the contact surfaces, these numerical simulations allow to determine the maximum
allowable lateral and angular misalignments, effectively manageable by the RCC device. The results are summarized
in a set of tables that depict the feasibility of the assembly process, once the part tolerances are defined.

The rest of the paper is organized as follows: Section 2 briefly recalls basic background about the structure of RCC
devices; Section 3 describes the main features of the proposed flexure-based RCC; Section 4 describes the creation of
the overall RCC virtual prototype and provides simulation results; Section 5 reports the concluding remarks.

2. Basic Background on Peg-in-Hole assembly via RCC devices

The use of a passive compensation device for AAP is closely related to the type of parts to be mated. In the
following, as a particular case, the most common “peg-in-hole” assembly procedure is considered [1]. As depicted in
Fig. 2, let us focus on a cylindrical pin with length [ and diameter d, having chamfered ends characterized by width
w and height c, the corresponding inclination angle being indicated as a. The pin shall be inserted into a chamfered
hole of diameter D, the chamfer dimensions being Wx 45°. The minimum clearance between the pin and hole (as
specified by the parts tolerances) is indicated as g.

Owing to the prescribed mating clearance, parts assembly can be easily carried out in the ideal condition in which
pin and hole vertical axis are perfectly aligned (as depicted in Fig. 2b). On the other hand, during practical AAP,
possible misalignments may rise, which may be defined as follows:

e Lateral Misalignment (LM), as depicted in Fig. 2¢, which corresponds to a situation in which pin and hole
axes of symmetry are parallel but not collinear.

o Angular Misalignment (AM), as depicted in Fig. 2d, which corresponds to a situation in which pin and hole
axes of symmetry intersect at a certain point.

e Combined Lateral and Angular Misalignment, as depicted in Fig. 2e, where both LM and AM are
contemporarily involved in the AAP.
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Fig. 2. Pin and hole dimensions and definition of possible misalignments.

In the latter case, as described in and schematized in Fig. 3a, the possible phases of a generic pin insertion may be
defined as chamfer crossing, one-point contact, two-point contact and line contact. Although not all the four phases
may be present in all assembly procedure, this schematic represents a rather common situation, which have been
described through several, two-dimensional theoretical models, whose aim is to predict the assembly feasibility [11-
13,24]. In particular, the first contact occurs on the pin and hole chamfer. During the chamfer crossing phase, the
contact location moves laterally in order to eliminate the lateral misalignment, the pin being pushed by the contact
force. The contact location then reaches the pin rim (one-point contact) and, eventually, a second contact point occurs
on the opposite side as the insertion proceeds. During the two-contact phase, the mating parts attempt to rotate with
respect to each other in order to eliminate the angular misalignment. In some cases, the two point-contact phase may
be followed by the line-contact phase, pin and hole being in contact along one wall. During the two-contact phase,
two well-known failure modes may occur, namely wedging and jamming [25,26]. Wedging is an irremediable
condition which describes a configuration such that every possibly force is in equilibrium with the contact forces, the
only practical solution to the problem being a limitation of the AM value. Jamming occurs when the applied insertion
force is balanced by friction reaction forces. Jamming can be avoided via either active compensation or by passive
devices, such as the RCC, namely a mechanical spring structure (attached to the IR end-effector) that holds the pin to
be assembled. In its simplest form, a RCC schematic is reported in Fig. 4. The devices comprise two parts, respectively
responding to lateral loads and angular loads. The first part responds to lateral contact forces by moving laterally
without rotating by means of a parallelogram four bar linkage. The second part responds to torques (still due to
contacts) by performing small rotations about a remote centre of compliance located near the tip of the peg. As
previously stated, some attempts have been made in order to provide RCC design with adaptable parameters (e.g.
variable compliance or adjustable position of the remote center [2]).

. “Lateral” part of linkage RCC Upper frame (attached to IR flange)
Insertion r hl
path
Contact E il
\ /
3 o
Chamfer Crossing One-point contact ’
/' “Angular” part !
of linkage RCC
RCC subjected to later load RCC subjected to angular load RCC subjected to lateral and
angular loads
Two-point contact Line contact

Fig. 4. Planar representation of a common RCC device: “Lateral” (translational) RCC part
responding to later loads, “Angular” (rotational) RCC part responding to angular loads, and
combined action of lateral/angular loads.

Fig. 3. Phases of the pin assembly process,
location of the contact forces, and
representation of the pin insertion path.
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3. Design of the flexure-based RCC device

The idea on the basis of this paper is to simplify a classic RCC device by leveraging on the “compliant mechanism”
concept [17]. Potential advantages over traditional mechanisms can be outlined into cost reduction and increased
performance. In fact, compliant mechanisms require fewer components to achieve the desired mobility with
consequent reduction of time/cost for the device manufacturing. For what concerns possible performance
improvement, the absence of rigid kinematic pairs reduces wear, need of lubrication and possible backlash, which
might be beneficiary in terms of mechanism precision. In the following, as a possible design choice, a flexure-based
device has been developed. As widely known, flexure-based compliant mechanisms are structures characterized by
the capability of providing elastic deformation localized in “small regions”, the term flexural joint or flexure being
used to indicate the location at which the deflection is concentrated.

The 3D CAD model of the device is shown in Fig. 5a, whereas Fig. 5b and 5c respectively depict the lateral and
the angular part of the RCC. The main features of the device may be outlined as follows:

e Presence of three symmetrically disposed cylindrical rods (i.e. rods 4,, B,, C, shown in Fig. 4b) connecting
upper and lower frame (lateral RCC part) and thee symmetrically disposed rods (i.e. rods D,., E,, F,. shown
in Fig. 4c) connecting lower and intermediate frame (angular RCC part). The intermediate frame is connected
to a gripper that holds the pins to be assembled, whereas the upper frame is connected to the IR flange.

e The cylindrical rods comprise variable cross sections. In practice, cylindrical corner-filleted flexures [18] are
manufactured at both ends of the rods. From a kinematical standpoint, this flexure geometry is employed to
mimic the behavior of a spherical joint (similarly to e.g. [27-30]).

e The frames are shaped so as to provide housing for the rods. With reference to Fig. Sc, for what concerns
lower and intermediate frame, a set of three housing slots has been designed. This arrangement allows to
easily change the inclination of the rods D, E,. and F,, thus allowing to either reduce or increase the distance
of the remote center from the base of the lower frame. In practice, three working configurations are possible,
each of which can be proven to be advantageous for assembling pins of a certain length, L (see Fig. 2a).

Upper frame

Flexure (connected to IR flange) Intermediate frame

(connected to gripper)

Flexible rods
housing
Gripper Lower frame
a) Overall flexure-based RCC device. b) “Lateral” part of the RCC device. ¢) “Angular” part of the RCC device.

Fig. 5. CAD model of the flexure-based RCC device: (a) overall device (including gripper); (b) “Lateral” RCC part; (c) “Angular” RCC part
with side view of the rods” housings.

For what concerns the RCC manufacturing, all components are
made of plastics. As suggested in [17,18], Delrin 100 NCO10 has
been chosen as suitable flexure material, since it provides a good
S, /E ratio (S, being the material yield strength and E being the
material Young modulus). The flexure geometry is reported in Fig.
6, lr, df, and 15, being the flexure length, the diameter of the
cylindrical cross section and radius of the base fillet. The same
picture also shows the related PRBM, consisting of a spring-loaded
spherical joint located in correspondence to flexure centroid (i.e.
point c,) and comprising three identical rotational springs mounted

Rigid body

Spring-loaded
spherical joint

Rigid body

in parallel, These springs are characterized by rotational stiffness Comer-filleted PRBM for the
along the x, y, and z (see Fig. 6, the x axis being perpendicular to  cylindrical flexure single flexure
the yz plane) denoted as Ky, = Ky, = Ky, . The overall virtual Fig. 6. Flexure dimensions and related PRBM.

model of the proposed device, along with simulation results regarding
peg-in-hole assemblies are reported in the next section.
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4. Virtual Prototyping and Simulation Results

As a practical case, a peg-in-hole insertion process employing the proposed RCC device has been simulated within
the Recurdyn environment. With reference to Figs. 2a and 2b, the pin dimensions are d = 10 mm, L = 80 mm, ¢ =
2mm, a = 15°, w = 0.54 mm, whereas the hole dimensions are D = 10.1 mm, W = 1 mm. The clearance between
peg and hole is easily computed as g = D — d = 0.1 mm, whereas the maximum bearable LM can be computed as
W +w+ g/2 = 1.59 mm. At first, a model comprising meshed flexible elements has been simulated by employing
the Recurdyn FEM solver and imposing lateral and angular misalignment values LM = 1.5 mm and AM = 0.5°. The
overall model is depicted in Fig. 7, rods D,., E,, F,. (Fig. 5¢) being placed in such a way that the remote center is located
on the pin tip. The flexure dimensions (see Fig. 6) are df = 1.5 mm, [ = 5mm and r = 1 mm. As for the rods
material, the Young’s modulus and Poisson’s ratio are, respectively, E = 2.9 GPa and v = 0.3. Regarding the
Recurdyn FEM model, a mapped mesh with brick elements has been defined (0.4 mm as max element size). After a
mesh convergence analysis, the employed mesh consists of 51971 tetra-4 elements and 11288 nodes for rods 4,, B,,
C,, and 41754 tetra-4 elements and 9099 nodes for rods D,., E,., F.. The Linear Elastic Model algorithm has been
chosen in order to ensure a linear relationship between stresses and deformations. Concerning the contact parameters,
the static and dynamic friction coefficients have been set to 0.78 and 0.42 respectively. A vertical motion with speed
0.5 mm/s has been imposed to the upper frame, forcing the pin insertion.

After this first simulation, the PRBM of the proposed device has been set-up, the resulting Recurdyn model being
shown in Fig. 8. The stiffness of the rotational springs has been computed by firstly analyzing a single flexure via
FEM. In particular, the flexure has been treated as a cantilever beam loaded with a pure moment on its free-end and
measuring the consequent free-end rotation (according to the procedure described in [21]). The resulting PRBM spring
stiffness is Ky, = Ky, = Ky, = 176 Nmm/rad. Friction coefficients, lateral and angular misalignments, and speed
of the upper frame motion are maintained unvaried with respect to the previous simulation.

Translational
Joint

— Undeflected Configuration

Spring -loaded Insertion Path
Spherical Joints

y

y 5= H
SO

Fig. 7. RCC FEM model within the Recurdyn environment, showing Fig. 8. RCC PRBM model within the Recurdyn environment,
the mesh of the flexible members. showing spring-loaded spherical joints and pin insertion path.

The numerical results concerning lateral and angular compensation values, measured in the yz plane (Fig. 7), as
function of time, are reported in Fig. 9. The same picture provides results coming from both FEM analysis and PRBM,
confirming that the PRBM accurately captures these quantities of interest. Note that neither the lateral nor the angular
compensations ever reach the values set for LM and AM, since an imposed peg/hole clearance, g, is present and the
models also capture possible 3D motions of the pin within the hole. As for the insertion force, Fig. 10 depicts the
numerical results concerning the PRBM, also highlighting the various contact phases. With reference to Fig. 3, in the
present case study, line contact is not reached, whereas the one-point and two-point contact phases, defined for a two-
dimensional model, have been denoted as single-side and double-side contacts in order to highlight the 3D nature of
the performed simulations. The shape of the curve closely replicates the theoretical results presented in [10].
Nonetheless, it is necessary to remark that the insertion force value strongly depends on the contact parameters set
within the software, so that an accurate force prediction would surely require an experimental tuning.
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Fig. 9. Lateral and angular compensations provided by the RCC for Fig. 10. Insertion force computed via PRBM, showing the various
LM = 1.5 mm and AM = 0.5°. FEM and PRB results. contact phases (see Fig. 3).

- Successful Assembly Task I:I Peg Insertion Incomplete - Peg Insertion Impossible

AM M| omm | 05mm | 1mm | 1.5mm AM Ml omm | 05mm | 1mm | 1.5mm AM M| omm | 05mm | 1mm | 1.5mm
0° 0° 0°
0.2° 0.2° 0.2°
0.5° 0.5° 0.5°
0.75° 0.75° 0.75°
1° 1° 1°
Insertion speed 5 mm/s Insertion speed 10 mm/s Insertion speed 50 mm/s

Fig. 11. RCC workspace for increasing insertion speed.

After the validation of the PRBM approach, another set of simulations have been performed for several LM and
AM values and insertion velocities. In particular, LM values varying in the range [0 + 1.5] mm, and AM values
varying in the range [0 <+ 1]° have been considered, along with three insertion speeds equal to 5 mm/s, 10 mm/s
and 50 mm/s. The results are summarized in Fig. 11, which graphically shows whether or not the peg-in-hole
assembly process has been feasible for a certain combination of misalignment errors and insertion speed. For what
concerns computational times, all the models have been solved on a Notebook PC with an Intel 17-4719HQ CPU @
2.50GHz and 16GB RAM. The FEM model is solved in about 600 min, whereas the PRBM is simulated in about 12
min.

5. Discussion and Conclusion

In this paper, a flexure-based RCC device has been presented. After the design of the mechanism, which allows to
discretely vary the position of the remote center to three different values, a set of numerical simulations have been
performed. At first, a quasi-static peg-in-hole assembly procedure has been simulated by employing FEM analysis
(including the large deflections of the flexible members and the contact forces arising during peg insertion). Then, a
PRBM has been considered, whose numerical results accurately replicate the system for what concerns the quantities
of interest. The latter model allows to simulate the overall insertion process and to assess its feasibility. For given
friction coefficients (taken from the literature), simulations have been performed at varying insertion speed and
varying values of the angular/lateral misalignments between peg and hole symmetry axes. The advantages of the
proposed method with respect to a theoretical analysis are: 1) capability to easily extend the feasibility study of the
insertion process to problems requiring a three-dimensional model; 2) parametrization of the insertion speed; 3) low
computational costs as compared to FEM analyses.
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