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Abstract— The demand for robotic applications involving
dynamic motions in environments with frequent contact is
steadily rising. Since these applications also require human-
friendly, safe, and robust collaborative operations, the need
for more dynamically capable lightweight robots is increasing.
Although the current trend is focused on elastic joint-rigid link
robot models, the contact task performance can be improved
with better modelling and identification of link structures.
In this paper, we explore the critical design parameters of
links that affect the robot at the system level by creating a
relationship between the high-level task requirements and the
component-level ones, i.e., the links. Considering the system’s
life and application needs, we proposed a three-layer design
routine for robot links under dynamic loadings. Moreover,
we validated the proposed link structure with Finite Element
Analysis (FEA) and Experimental Modal Analysis (EMA). The
precision of the analytical overall model is validated, and
additional acting effects are identified by comparing the EMA
with the FEA results. The results show that the flanges and
boundary conditions of the link have direct effects on the overall
system performance, and these effects can be either controlled
or identified to achieve a requirement-matching system for the
link design.

I. INTRODUCTION

Contact with the environment is increasingly becoming
an intrinsic part of diverse application areas in which robots
are currently being deployed [1]. Among the major robotic
applications, one can identify many activities that exploit
contact, such as walking, running, and impact-aware manip-
ulation, see Fig. 1. In general, contact-rich tasks are subject
to kinematic and force constraints like friction, stiffness,
and manipulability. On top of these constraints, systems
intrinsically need to integrate highly dynamic loading cycles
[2], [3]. However, as of today, robots cannot still execute
dynamic contact tasks that require high-frequency opera-
tional bandwidth [4] and, if not appropriately addressed,
these externally triggered high-frequency events can cause
destructive outcomes.

In the literature, tasks requiring interaction with the en-
vironment are performed mainly using advanced control
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Fig. 1. Examples of robotic systems capable of physical contact with
beam-like link structures [5]—[8]. All the highlighted link structures can be
designed with the design methodology detailed in this paper.

strategies, ranging from pure impedance control [9]-[11]
to hybrid versions for position-impedance-force tasks [12],
[13]. These control strategies can also enable active and pas-
sive compliance by including compliant joints [14]-[16]. For
human-robot collaboration tasks, torque control is applied to
lightweight serial robots (e.g., Universal Robot (UR) family,
DLR/Kuka Lightweight Robot (LWR) arms, Franka Emika
robots) equipped with internal sensors to generate the desired
trajectories and interactions [17], [18]. This combination of
torque control, lightweight structures, and embedded sensors
minimizes the mass and inertial properties of the system,
which in turn reduces the applied wrench on the end-effector
caused by the motion and the system’s inertia [19]. Hence,
lightweight, compliant, and actively torque-controlled sys-
tems are promising solutions for contact-rich robotic tasks.
Contact-rich applications are currently clustered under two
separate domains. The first one, later denoted high-level, con-
sists of extracting constraints from the task. The second, later
denoted low-level, consists of defining the design parameters
of the components. These two levels can be combined by
describing the robot as a mid-level’ system, which includes
the stiffness of the components. Indeed, studies on elastic
joints (EJs) evaluate the impact of joint stiffness on the task.
This parameter is also used to find a compromise between
joint mass and its actuation capabilities. While fewer studies



have been carried out on the impact of stiffness on the desitpeen suggested to better model relatively rigid-link ex-
of robot links, a recent study from Van de Pierre et al. [20joint robots and to lower the uncertainties during dynamic
shows that reducing the link stiffness can increase its loadotions [24], [25]. However, in these studies, the loading
capacity. However, it induces vibrations, affecting the robot'eind de ections on the links are limited to one-DOF bending.
performance, especially for dynamic loading scenarios. Thieherefore, the torsional and shear characteristics of the
brings the need for a top-down design framework of théadings and deformations are mostly neglected, which can
robot links, which uses its stiffness to improve the robot've a source of inaccuracy for many applications.
performance while guaranteeing that the natural frequency According to Cannon and Schmitz [26], the effects of
responses of the system do not affect the feasibility of thiink exibility are signi cant for thin and lightweight links.
task. Various strategies have been proposed to derive dynamic
In this paper, we investigate the boundary-de ning pointsnodels of exible links [27], such as the Lumped Parameter
on the link that affect the robot at the system level by creatinylethod (LPM), the Assumed Mode Method, the Finite El-
a relationship between the high-level task requirements amtnent Method (FEM), the Transfer Matrix Method, and the
the design of the robot links. Further, the application cas@seudo-Rigid Bodies method, and are mainly used to design
with dynamic loading presented in [3] is used to showcaseontrollers. On the other hand, from a design perspective,
a demo use of the framework we are suggesting. Thexible link robot models can be used to optimize the design

contributions that we achieved can be listed as parameters of robots. Several studies on the effects of link
Proposing a hierarchical structure between joint and linf€Sign on the overall structural dynamics of the system have
for the link design. been introduced [28]-[30]. For instance, Naveen and Rout

Developing a methodological relationship between thg10del the effects of different uncertainties (such as manu-
link mass and the constraints of frequency respon§éCtu””g imprecisions, link exibility, and assembly lerrors)
(FR), stiffness, and lifespan expectancy. on the system-level structura.I Qyna}mlcs [31]. Srinivas and
Proposing a component-level design routine for robotd2ved suggest a topology optimization method to reduce the
integrating at least one elastic link (EL) under dynamié)Vera” mass of the link [32]. However, this study is limited

loading. to static loading cases and may not be adapted for dynamic
Highlighting the signi cance of the boundary conditions!oading scenarios. Although EJ systems can be constrained
(BC) on the EL modelling and identi cation. with a single DoF, EL's continuous elasticity acts as a multi-

validation of link FR models with Finite-Element Anal- DOF system and may lead to more complex dynamic modes

ysis (FEA) and Experimental Modal Analysis (EMA). and dynamic responses. Various methods have been proposed
fo detect these responses and control such systems [20].

This paper is structured as follows. First, Sec. Il presen$§‘o\,\le\/er since external effects can change the BCs of the

the current state-of-the-art on the modelling of robot jomtﬁnk further investigation might be done to perform tasks
and links, followed by our proposed modelling framework "’

detailed in Sec. lll. The precision of the analytical mode|ml0|vmg phys_|cal Human—Ropot Ir\teractlon. .

. ) . . . . .~ The dynamic models of exible links can be derived from
is validated, and additional acting effects are identi ed Neam theories. such as the Bernoulli [33], [34] and the
Sec. IV by comparing EMA and FEA results, while further. ' '

results are discussed in Sec. V. Finally, Sec. VI conclud '@moshenko beam theory [35]-[38]. Although the Bernoulli

the paper and suagests future research directions eam theory is sufcient for planar-type structures [38],
pap 99 ) the Timoshenko beam model further includes the effects

of rotary inertia and shear deformation, leading to better
accuracy [36]. Nevertheless, modelling works mostly remain
This paper aims to bring a new perspective on that the analytical level or are validated via simulations, and
modelling and design of robot links to improve controlapplication-oriented work is limited to cantilever-beam-like
performances for contact-rich tasks. Currently, three maipologies for EL robots. While EJ/RL models are suf cient
methods are used to model a robot for such applicationfor various control tasks, improving the EL models may
The rst considers exible joints and rigid links (EJ/RL), and improve the accuracy and extend the bandwidth of these
the interactions with the environment are evaluated via theontrollers. As such, we propose a design-oriented method
joint stiffness [21]. Although these systems can solve safetye describe robot links, which considers its topology and is
and collaboration-related issues, dynamic loading cases hawglidated via experiments. This framework, detailed here-
yet to be resolved. A second method describes robots afier, divides the link into subcomponents modelled using
rigid-joints/elastic-links (RJ/EL) structures. Although thisthe Timoshenko theory. By considering its broad use cases
strategy is successful for low-stiffness continuum systemg39], an application for a tubular link subject to boundary
its application to the manipulation eld is limited to 1 to constraints is later presented.
3 DoF systems with end-effector contact while the focus is
on the control of the ELs vibrations, or for manipulators Il. METHODOLOGY
equipped with complex additional sensors, [22], [23]. The design procedure presented in this paper is illus-
The third method considers the elasticity of both jointdrated in Fig. 2. Similarly to the design routine shown in
and links in EJ/EL robotic systems. EJ/EL structures havlO], our presented design procedure consists of solving an

Il. STATE-OF-THE-ART



Fig. 2. Flow diagram of the suggested routine. The main focus of this study, highlighted with the orange box, divides the design routine into three main
steps. The rst, noted (a), uses the task requirements and design constraints to build an initial link design. The second step (b) is a solution process, which
aims to ensure that the FR of the link and its lifetime ts with the task requirements. Finally, an experimental validation is performed in step (c).

optimization problem where the design parameters, BCandk; can be design parameters and act as BCs.

and objective function are derived from high-level require- This study focuses ok, and the link's FR. The BCs are

ments. It also integrates low-level speci cations, such aselected based on a mass-spring structure represented in Fig.

joint requirements and design decisions related to the link where we focus on the clamped-free case as suggested by

topology (outer radius of the angB; and inner radius of [24], [25]. Additionally, the mass of each ange is modelled

the link R;). The proposed methodology is based on threas a tip mass, as described in [38]. Furthermore, the inner

main properties and constitutive constraints: (i) stiffness, (iijR;) and outer R,) radii of the tube are selected as the

frequency response, and (iii) link lifetime. While stiffness isonly independent design parameters. As joint parameters

the main parameter used in this method, the FR of the linkre prioritized over the link dimensions, the joint ange's

is affected by its structure and the BC applied to the systersize dictates the maximal acceptable value of the link's

As a result, the FR is used as a constraint for the desigmter radius, notedR, max. Additionally, since the links are

routine. The lifetime of the link is nally integrated into also used as a casing for the inter-joint cable harness, the

the method to ensure reliable designs. This section describegimum acceptable inner link radiuR{ nin) is selected as a

the different modules implemented in the design routinalesign constraint. All the de ned parameters of the proposed

The rst subsection details the representation of the linkopology are displayed in Fig. 4.

as a subsystem. Then, the evaluation of the link's stiffness, In accordance with [24], on a system with multi-DoF serial

FR, and fatigue effects are presented in three subsectiosructure with rotational joint and beam-like link elasticities,

A subsection is then dedicated to the use of the FENhe stiffness of the overall system can be calculated with

as a ground truth to validate the analytical models. Thedecoupled individual component elasticities so that the indi-

implementation of these models inside a solution routine igidual stiffness of a component does not affect the other.

detailed. Therefore, the relative planar displacement between two

] N consecutive actuatorsi.; andA; can be calculated as the

A. Link De nition sum of the de ection of each sub-component. As a result,
Typically, as depicted with red beams in Fig. 3, the linkghe positiony;.; of the actuatorA;,; with respect to the

of EJ/RL robots are considered as rigid bodies that connegositiony; of the actuatoA; can be computed as:

a jointJ; to an actuatoA;.; . On the other hand, EL robots

are characterized by the distributed elasticity/stiffness be-

tween these two frames. The link is then described as a singiereL; L ;; andL; are respectively the length of the link,

part, and its stiffness, denoted lag. in Fig. 3, controls the joint, and ange, whileg and ¢ are the joint angle and

system. From our perspective, a more accurate model c&nge de ection angle respectively with de ection of the

be obtained by considering the connection angesjrand link body w_ .

A+ as individual parts, and by de ning the _Iin_k as th_eB_ Stiffness Modelling

body that connects the two anges. Such description implies Th luti tine depicted in Fig. 2 . initial

the introduction of the ange stiffness and the link body € solution routine depicted In F1g. < requires an initia

stiffness, expressed ds and k_, respectively. However, value of kF’ which is approxmated here via the LPM

since the main control focus is on the joint elasticky presented in [41] such that

and the task-level requirements (e.g., workspace and loading k. = 3El _ 3E (Rg R). @

cycles) dictate overall design parameters, we believe that L3 4.3 '

k.c has to be calculated separately, and as dependent whereE corresponds to the Young modulus of the material,

ki and task-level requirements. Therefore, ange parameteasid| is the second moment of area. For this parametrization,

Yi+1 = ¥i +(L; + Lf)sing + Lsin ¢ + w_ N}




Fig. 3. (a) The 3D representation of the considered structure of an n-
DoF serial robot where each link, depicted in red. (b) The control model
simplifaction where the overall stiffness is consideredkas . (c) The

suggested new link de nition where each link is modelled as a mass-spring

system. This model integrates the stiffness of the anges and of the linkig. 4.  (A) Tubular link topology used in this paper with its design
separately, respectively namégl and k., while considering the overall parameters. (B) Simpli ed link ange mass values with the used BCs. (C)
stiffness for the control model dsc . Kinematic deformation of a cross-sectidm adapted from [38].

the ange stiffness is decoupled, and the impact of the. Frequency Response Modelling
transition between the ange and the link body is neglected.
As the stifiness of the link is a design parameter, th%valuated such that the selected BCs match those, in
Timoshenko method is used to evaluate the natural frequel(}l- andV. The pair of roots ; and » is de ned as Y
cies based on the stiffneks . We employ the Timoshenko "’ r
method for stiffness modelling as introduced in [42] and L= ek a— i a4 o =
brie y reviewed below! The de ectionw is given based on (ks + k) (ks +h )2 sko)
the loaded moments on the beaM (2 R) and the shear _r q )
forcesV 2 R, whereasx 2 [0;L] is the position along the 2= (ks + ke )+ 2(ks+ k)2+a (1 kok)
link length L) and time {). By noting the rotation of the ) ) )
cross-section as andw as the beam de ection, Loudini where is a coef cient proportional to the angular frequency

de nes total internal bending and shear forces as [38], ' Kr IS the coef cient of rigidity, andks is proportional to
the shear forces affecting the bending. These coef cients can

whereA;, By, C;, andD, are the integration constants

M(xt)= EI @'(x;t) : (3) be calculated as
g\zx_t) L N R -
V(x;t)= GA W t(xt) 4) T El ke = AL2’kS_ GAL 2’ ®)

. . ) ) where! is the angular frequency. To de ne the BCs of the
where is the shear correction ratiG 2 R is the modulus  4¢orementioned analytical model, FEA solutions are used as
of rigidity and A 2 R is the cross-sectional area of the beamthe ground truth. After working with different BC options,

Furthermore, the changes bf andV w.r.t. to positionx(t)  yeq free BC with the ange as the tip mass is selected. The
are de ned by the Timoshenko method as follows: resulting BCs are the following:

] ' El
QUXt) _ 5 @WXt). ©) Btatx=L:M(L)=0; wlLit)= W, (10)

@ et o 1 Kksk)LV =M(x)=0; (11)

where | (&' (xt)=@t) is the distributed rotational inertia, LV W =0 12
A (@w(xt)=at) is the distributed transverse inertial force, Mp o (12)
while is the material's density. The general solution for theyhereW is the tip de ection,my is the uni ed mass of the
free vibration of the link is [42], link (m_) and mass of the angeng;). To nd the mode

_ X . X frequencies, BCs are arranged in a coef cient mafix2

M (x) = Aq cosh( 1L)Jr By sinh( 1L) 7 R™ " form with the corresponding BC vect@ 2 R" such

X X )
+Cycos(2—)+ Dysin( 2—); that

L L de{D) C = 0: (13)

1For the sake of brevity, we give only the nal solutions of the proofWhere T
given in [42]. C= [Al B;Ci:D; WLV ] ) (14)



wherzeas the coef cient matrip 2 R® 6 s

ik 0 3 k. 0 o o
0 ar 0 az 0 0
cosh( 1) sinh( 1) cos( 2) sin( 2) 0 07
=0 azcosh( 1) azsinh( 1) a4 cos( 2) as sin( 2) 0 ,(15)
as cos( 1) assin( 1) as cos( 2) as Sin( 2) 0 arz
0 0 0 0 S 1
witha; = 2( 2+ (ke +ks));i2[L2,a3=( 2
ke),aa=( 3 ki), as= 1(1+k> +k 2),a = Fig.5 Steps of the frequency checking process. (a) The loading values on
o( 1 kr2 + k, %), az= 1 Kk the link tip w.r.t the task. (b) Frequency values obtained after performing
a Fast Fourier Transformation (FFT). (c) Frequency analysis results of the
D. Fatigue Modelling link. (d) Comparison between the values obtained on (b) and (c). The green

. . . area shows the acceptable range for the RF of the system, and the orange
To check whether the link can hold its consistency foarea corresponds to the undesired values for the system's RF.

the long term, the lifetime of the link is modelled using

Palmgren-Miner's rule [43]. The total damage given by ginally, a merger of the link model and the ange model is
speci ¢ fully-reversed loading cycle is thus de ned as used to compare the results with the experimental validation

n, method given in Sec. IV. However, it must be mentioned that
D= N (16) to avoid any inaccuracy and, to be closer to reality, sensing
i=1 elements are also modelled as lump masses.
where n; is the cycle repetition number and; is the
cycle level of a given fatigue stress val®; 2 [Sy Sel,
whereS,; andS; are the ultimate and endurance strength of Finally, the previously constructed modules are arranged
the material [43]. Considering that each continuous loadini @ solution routine. Since the total mass of the limk §

F. Solution Routine

happens withinl0® cycles, we get: has a signi cant impact on the interaction with humans and
12b ) on collisions/safety [17], the functioh which is used to
N; = Sti “a= (fSw) - b= }|0 fS u . (17) calculate them was chosen as the cost function to be
a Se 3 Se minimized such that:
with f being the fatigue strength fraction. To nd the stress m := minf (Ri;Ro)
values, a relationship between the loading and the resultant SLR 2 Ro2 : (20)
stress should be established. Usihg(x;t), the bending ’ ’
stress is calculated as where and are the box constraints for the decision
M (x:t)y variablesR; and R, respectively. The proposed solution
bmax(X; 1) = 1+ aKe 1)); (18) routine is designed to run at three consecutive levels, detailed

! hereafter. Being the term required for task-level control
whereK is the stress concentration factor ani the notch  stydies, the stiffness of the link is selected in a case-speci ¢
sensitivity. By considering the uctuating loading cycles, themanner. For example, in an EJ robot, the stifiness of the rigid
peak counting method is used to determine the stress levelgmponents has to be signi cantly higher than the stiffness
and the Gerber fatigue criterion [43] is used to de ne thef the joints. Therefore, our link stiffness is selected as the
fatigue stress for asgiven stress leveduch that rst constraint, wherekq is the minimum acceptable stiffness

value for the link such that
3.2 . m>0

sfi=_1 (gM)? : (19) ko ko (21)
2 Sut
" Se; m O At the rst stage of the routine, thie, value is selected such

where the , and the ,, are the amplitude of the stress atthaﬂ:zi , de ned by the functiorg, is minimized as

a given cycle and the average stress, respectively. R; := ming(Ro; k)

E. Finite Element Model st.Ro2 k.2 ;

The FEM employed in this study has multiple roles: calcuand the box boundaries ( ; ) are de ned by choosing
lating the ange stiffnesk; , providing a validation ground the minimum inner radiusR;. min) @s a design factor. Many
truth to evaluate the analytical models given in Sec. lll-Buse cases may affect this value, such as manufacturing,
and Sec. IlI-C, and providing a comparison medium betwedmarnessing requirements, etc. On the other hand, integrated
the experimental validation and the model. To calculate theint design is considered another boundary-de ning factor
effect of the realistic BC, fasteners were modelled as elastior the ange sizes. Therefore, the maximum outer radius
bars and included in the overall model of the ange systemRo.max) iS de ned based oR; with a threshold value. Thus,
Afterward, to validate the analytical solution, a single body 2 (Ri min; Romad: 2 [Ri:min; Ro:max), and 2 [kq; 1 ).

FEM of the link is created with tetrahedral elements in the The calculated valueR; min; Ro:max are later used to
software Ansys Mechanical FEA, while the perfect xed-solve the eigenvalue problem of the coef cient matrix (15)
free BCs are provided and solved with a unit force responst estimate the resonance frequency of the system. Later,

(22)



TABLE |
PROPERTIES OF THE LINK SPECIMEN

Input Values
Design Parameters
L (mm) Lt (mm) E (Pa) G (Pa) (kg=m?3)
370 5 71:710° 26:910° 2810
Boundary and Constraint Parameters
Fig. 6. Flowchart of the validation procedure. The rst evaluation steg Rt (MM)| Rimin  (mm) | kg (KN/m) [! 3 (HZ)[ !> (HZ)
compares results obtained from the analytical model and FEA. After 34.5 10 100.0 150.00 250.00
validation, a link specimen is manufactured, and experimental results are V= (N) Fext (t) (N) Ng ()
compared with simulation results. The lifetime of the link is taken into| 54.9 7sin(300t)+15 1e6
account by modifying the BC. Output Values
as shown in Fig. 5, loading data obtained from the high-~Amm | Ro (mm) | ki (W) 1 o1 ®2) 1o 2 (H2)

level study is analyzed via Fast Fourier Transform (FFT) t

estimate the dominant frequencies of the loading cycle.
At the second stage of the solution routine, a frequenc .

matching between the computed RF values of the link an e generated EL system are gathered in Table I. The length

the FFT results is compiled. The desired system should hal thz Imktﬁnd Fhe ?ng s||ze ?re tf‘zlelftzd ?Tﬁroﬁggtew
no matching between the FFT results and RF values. It psase on the given vajue for n ot the

noteworthy here that, as a safety measure, this comparisonr??m' The remaining parts are considered as payload and

made with a safe boundary value since the routine currentg)dl."(.jed in the calculation as.contmuous static load. In
does not include the values kf . ddition, the frequency boundaries are selected based on the

At the last stage of the routine, the fatigue life of the Iink,Sandlng operathn given in .[3]' The resultant geometry is

designed with the calculate®; andRo, is checked for the Manufactured with an aluminum alloy (EN-AW7075) and
desired life cycle oNg4 by using (17). performed through physpal tests. L

As shown in the experimental setup presented in Fig. 7,

IV. VALIDATION ve Kistler 8763B series triaxial accelerometers (labelled

The proposed methodology is validated with EMA byACi) were placed on the link specimen with a gap of
comparing the accuracy of the link stiffness and its FR'® mm starting from the clamped base (right side of the
to various loadings [44]. Although EMA has different ap-free-free BC). The used sensors have a calibrated accuracy
proaches, we selected the impact testing approach to gét 100mV/g and a mass 06 g. A Siemens LMS DAQ
information for a broader range of frequencies [45]. Théystem with 24 channels was used to collect the test data.
validation scenario, illustrated in Fig. 6, is performed a$\s mentioned in Sec. lll-E, the ve sensors were included
follows. First, a comparison is made between the analyticil the FEM as lumped masses.
model solutions and the FEM results. Subsequently, the To provide the required excitation, an impact hammer with
fatigue is estimated using the analytical model by updating:3 kg was used with a steel tip, which allows the creation of
the BCs. Then, experimental results are compared against wieration frequencies up t@ kHz. Two different positions
FEA results. The test is performed with two different BCson the link are selected for the impacts. The rst point is
free-free and xed-free. The free-free BC was approximatedhosen on the same plane lateralAGs but with a rotation
by suspending a link specimen with lightweight elastic ropegf 90 with respect to the central axis of the link. The second
For the xed-free case, the specimen is attached to a platforpoint is placed with anothe®0 rotation relative toP;, as
with screws (see Fig. 7). shown in Fig. 7. These tests were performed for both BCs

A case study for the entire routine and the validationvith ve times excitation for each impact point. After each
procedure is executed with the and L; values inspired impact, responses of the system were recorded.fs and

post-processed with the Simcenter Testlab Impact Testing

the URS5 robot [46], where the obtained solutions and

Fig. 7. Experimental setup used for the EMA. The setup to simulate a ) ) o )
pseudo-free-free BC, displayed on the left, maintains the link specimen wiffig. 8. Bode diagram of the link after excitation at point P1, under the xed-

elastic ropes. The xed-free BC, on the right gure, xes the link to a basefree BCs. The green curve is obtained as the result of 10 measurements,
with six screws. and the mode frequencies of the link are marked as vertical lines.



	Introduction
	State-of-the-art
	Methodology
	Link Definition
	Stiffness Modelling
	Frequency Response Modelling
	Fatigue Modelling
	Finite Element Model
	Solution Routine

	Validation
	Results and Discussion
	Conclusion
	References

