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Abstract This paper introduces an original, fully compliant universal joint design. Many
mechanisms with different dimensions are investigated. The proposed design is a single-piece
compliant mechanism. The number of flexible segments is a design parameter determined as a
function of transferred torque. The mechanism can be produced by additive manufacturing from
polylactic acid and polypropylene. It is possible to produce the proposed design as a single
piece of polypropylene by additive manufacturing and injection molding methods; thus, it has
the advantage of ease in manufacturing. The proposed design's bending and torque transmis-
sion capacities are determined by applying analytical and numerical methods. Furthermore, a
prototype was manufactured, and experiments were conducted. It is verified that the results of
the experiments are consistent with theoretical approaches. The proposed fully compliant uni-
versal joint design has a great potential in the industry.

1. Introduction

Universal joints or power transmission couplings are spatial mechanisms used in general
machinery to transfer rotary motion or energy between two inclined shafts. For a primary power
transmission solution, Hooke’s universal joint or Cardan joint has been used widely in the litera-
ture [1]. However, this coupling is not a constant velocity joint. As the misalignment angle be-
tween the two axes increases, the fluctuation of the transferred speed also increases accord-
ingly. This fluctuation may cause a drastic increase in the stress acting on the members of the
universal joint and vibrations on the driven shaft [2]. To overcome the non-uniformity of the
rotational speeds of the shafts, different types of constant velocity universal joints (CV joints)
have been proposed. In Refs. [3, 4] classification of the homokinetic couplings and their per-
formance has been presented. There are different types of rigid constant velocity joints like
Double Hooke, Rzeppa [5], Culver [6], Thompson [7], Kocabas [8], Yaghoubi and Sanaeifar [9]
in the literature.

Compliant mechanisms gain some or all of their motion through the deflection of flexible mem-
bers [10] and have lots of advantages such as low cost, reduced weight and number of parts,
less noise, and no need for lubrication [11]. Besides, compliant mechanisms do not need springs
to return the mechanism to its initial position because they store elastic energy when they de-
formed. One of the disadvantages is the analysis and design of compliant mechanisms that
experience large and nonlinear deflections are difficult. The pseudo-rigid-body model (PRBM) is
used to simplify the study of the compliant mechanisms [11]. Compliant mechanisms are classi-
fied as fully and partially compliant mechanisms [12]. There are several compliant universal
joints [13], [14]. In Tanik and Parlaktas’s study, a compliant Cardan universal joint is proposed
[15]. In the original design, two identical parts are assembled at right angles. Each of the identical
parts can be produced from planar materials. Therefore, manufacturing of the proposed design
is easy. In Tanik et al.’s paper, the first compliant Cardan universal joint made of steel is studied
[16]. Machekposhti et al. proposed a large deflection compliant constant velocity universal joint
[17]. PRBM and the kinematic of the mechanism are analyzed. Machekposhti et al. introduced a
potentially monoalithic, fully compliant CV joint in their study [18].
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Fig. 1. The original compliant universal joint.

This paper introduces an original design for a fully compliant
universal joint and describe the fundamentals of the proposed
design. This monolithic and simple universal joint design has
the advantage of ease in miniaturizing.

Two rigid segments on each side of the compliant universal
joint are connected by predeformed flexible segments (Fig. 1).
Rigid segments are used as input and output shafts, while
flexible segments are deformed to obtain required shaft angles.
Moreover, flexible segments transmit torque from the input to
the output shaft.

The design of the compliant universal joints is discussed in
the following sections. In Sec. 2, dimensions of the compliant
universal joint with predeformed links are discussed, and the
geometrical approach of the design is proposed. In Sec. 3,
PRBM and deflection of the compliant segment are investi-
gated. Secs. 4-6 stress analysis for only bending, torque, and
combined loading cases are investigated analytically for initial
design stages and verified with the finite element modeling.
Three-dimensional plots are represented in Sec. 7 as design
charts. The proposed design is then verified with the experi-
mental setup in Sec. 8.

2. Dimensions of the fully compliant uni-
versal joint with predeformed flexible
segments

Generally, it is advantageous to develop a design procedure
for compliant mechanisms to obtain an analytic solution. In Fig.
2, undeformed and deformed (hatched) shapes of the pro-
posed fully compliant universal joint are presented. The model
shown in Fig. 2 is symmetric about its y-axis. R, is the height
of the universal joint, L is the horizontal distance between C,
and C, points, g is the universal joint's bend angle with
respect to x -axis. Each flexible segment of the compliant
universal joint consists of four equivalent arcs that are denoted
by CC,,C,C, and their symmetry about the y -axis. The
main criterion for determining the radius and the length of each
arc is the summation of the lengths of the identical arcs should

C Predeformed
: flexible segment |
i before deflection

O { Predeformed flexible |
"} segment at max bend
fangle

Fig. 2. Compliant universal joint at undeformed and deformed positions.

be equal to the length of the flexible segment (C,C,) at maxi-
mum bend angle ( 5,... )-

For the stretched position of the compliant universal joint, Eq.
(5) is obtained using geometric identities (Egs. (1)-(4)) and
defines the relationship between the radius of each arc ()
and its arc angle ( 7, ), where 2K is the length of the flexible
segment at g, . Note that, in order to simplify the analytical

model, the deformed position of the flexible segments is as-
sumed to be perfectly circular.
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According to the C,C,C, triangle in Fig. 2, r, is defined as
afunctionof y and L as presented in Eq. (6).

r 1
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Egs. (5) and (6) are solved simultaneously by numerical
methods. Each value of 7, y, is calculated by using Eq. (5).
Iterations can be done until Eq. (6) is satisfied for a specific 7,
7, value. Since L, Ry, and g are defined as design parame-
ters, there is a unique solution for 7, y that can be derived
iteratively. Using these parameters, a new compliant universal
joint can be designed.
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3. Angular deflection analysis of predeformed
flexible segments

The deflection of the flexible segments is a function of the
bend angle (/) in the proposed design. During the bending,
each of the initially curved flexible segments acts like a fixed-
guided beam. The fixed-guided beam theories and initially
curved beam theories are combined by separating the flexible
segments into four equivalent pieces. Separation points are the
neutral axis of the flexible segments where stress is zero in its
longitudinal axis (i.e. C, in Fig. 2). As a result, each part can
be investigated as an initially curved beam that undergoes
large deflection. For a deflection resulting from a certain bend
angle, the endpoint of the half segment (C, Fig. 3) will be
translated to its new position (C, Fig. 3). When the amount of
deflection is determined by employing the end coordinates of
the half segment, the amount of stress can be determined by
using the theories that are developed for initially curved canti-
lever beams. The difference between the initial and final posi-
tions of the endpoint gives the amount of deformation
(6,-6) that the half segment undergoes (Fig. 3). The
amount of deflection (9, ) is determined by geometrical analy-
sis using the PRBM presented in Fig. 3.

Eq. (7) is defined as a function of g and simplified to Eq.
(8). After @, is determined by using a half tangent formula.

sin
plTﬂcosﬂ sin 3
B A — sind, + pl T_l cosd, +
7
[sin§—1]+§cosﬂ/2=0
Asin@, + Bcosd, +C =0 (8)
where,
pl .
A=-£
5 sin

B=—plcos’ /2
ngcosﬁ/Z—l(l—p)cosz,B/Z

where [ is equal to the arc length of the quarter portion of the
flexible segment in Eq. (5).

Since the length of the flexible segment is determined, one
can determine the end coordinates of the beam as a function of
the initial and final angles of PRBM (Fig. 3).

(1= p(1-cosh))

a5 ©)
b, = plsiné, (10)

_l(l—p(l—cose/,)) 1)
GETTTT

a;

plcost,

Fig. 3. Deflected and undeflected positions of the compliant segment and
its PRBM.

b, = plsiné, . (12)

4. Static analysis for bending-only case

To determine the bending capacity of the proposed design,
static analysis for the bending-only case was investigated.
Numerical and analytical analyses were conducted for the uni-
versal joint whose shafts intersect at a bend angle 3. The
maximum normal stress at the compliant segments was calcu-
lated for different bend angle values.

Generally, in compliant mechanisms bending is the predomi-
nant type of deflection and in the proposed design primary
source of this deflection is the “beam end moment” type of
loading, both small and large deflections [11, 15]. The relation-
ship between the moment and slope of the deflected beam at
its end is given in Eq. (13).

M, =K (A6) (13)

deg
where K, is the spring constant which is defined in Eq. (14).

K. =pK,EI/l (14)

where p is a function of characteristic radius factor .
The maximum stress for this type of loading is [11]:

O pending

=My, /21 (15)
where 1, =wt; / 12.

For the numerical analysis, ANSYS® is used, and the beam
is modelled as fixed support to one end of the design, and the
other end is bent by remote displacement to rotate the output
shaft at the desired bend angle. For the bend angles smaller
than 10°, small deflection analysis is selected [19]. Large de-
flection analysis is chosen for the larger bend angles. The
equivalent stress values for the compliant links are obtained for
varying number of arms, width, and thickness values. In Fig. 4,
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Fig. 4. Bend angle vs. maximum normal stress values for (a) constant w and #, varying number of arms; (b) constant w and number of arms, varying #; (c)

constant #, and number of arms, varying w.

the effect of the number of arms on bending capacity is plotted
while keeping the width and thickness values constant at 20
mm and 1 mm, respectively. Maximum stress values are very
close to each other for 3, 4, and 6 arms for the same amount of
bend angles (Fig. 4(a)).

For the same amount of deflection, the beam with a larger
thickness is subjected to larger stress [11]. Therefore, the
maximum stress increases as the thickness increases. As
expected, the thicker flexible segments provide higher torque
capacity in applications up to 10° bend angle.

To determine the effect of the width, the thickness and the
number of arms are kept constant, and the width of the compli-
ant segments is varied. The parameters are chosen as the
number of arm = 4, 7, =1 mm, and w = 16, 20, and 24 mm.
The results are presented in Fig. 4(c). It is observed that the
width of the flexible segment does not affect the bending ca-
pacity. According to Fig. 2, there is no stress variation along
the z-axis on the cross-section at C,. However, stress is var-
ied in the y-axis.

5. Static analysis for the torque-only case
at zero bend angle

In this part of the simulations, one end of the mechanism is

T T
——th=1mm

th=1.4mm H H H
th=1.8mm |1

Maximum Shear Stress (MPa)

i 1 1 I 1 I
0 500 1000 1500 2000 2500 3000 3500 4000

Torque (N.mm)

Fig. 5. Torque vs. maximum shear stress values for fixed w and number
of arms, varying 7, without bending.

fixed while the other is subjected to the specified torque. After
simulations are conducted, maximum shear stress values cor-
responding to output torque for zero bend angle are obtained.
The applied torque is increased to obtain maximum shear
stress values. In the simulations, width and number of arm,
values are kept constant at 20 mm and 4, respectively. Simula-
tions are performed for three different flexible segment thick-
nesses. There is a linear relationship between maximum shear
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stress and output torque, as presented in Fig. 5. Larger torque
transmitting capacity is obtained with thicker flexible segments
when there is no bending. Decreasing the cross-sectional area
of the flexible segment results in a decrease in the transmitted
torque. Therefore, if the width of the segment decreases,
maximum shear stress increases. Note that the number of
arms can be increased to reduce the maximum shear stress.

6. Static analysis for both bending and out-
put torque case

In this part of the study, static torque transmission capacities
of the compliant universal joint for different flexible segment
thicknesses, widths, and the number of arms corresponding to
different bend angles were investigated analytically and nu-
merically. The torque can be applied as forces of identical
magnitude acting at the end of each quarter portion of the flexi-
ble segments on the universal joint that are equally positioned
from the geometrical center of the joint. Each of these forces
(F) can be determined by using Eq. (16). The proposed de-
sign has four flexible segments; therefore input torque is di-
vided by 4. According to the number of arms, the denominator
of Eq. (16) will be changed.

F=T

v | (P, +D) (16)

This force (F) causes both bending moment (M,) and
torque (7,) at the fixed end of the quarter portion of the flexi-
ble segment, as presented in Fig. 1. The normal stress due to
the bending moment (A,) can be calculated by using Eq.
(17)where 1, =t,w’/ 12.

o, =Faw/2I, (17)
The shear force due to the torque (7,) is calculated by us-

ing Eq. (18) where « = 0.33 for the rectangular cross-sections
with w/¢, = [20].

7, =Fb, aw(t,) . (18)

Once the normal and shear stresses at points 1 and 2 are
determined (Fig. 1), the equivalent stress can be calculated
according to the von Mises yield criterion:

2
(2 e £04,) +67;
O =\/ o (19)

Egs. (16)-(19) are used to determine the initial dimensions of
the proposed universal joint. The obtained model is then ana-
lyzed by the finite element method for verifying the results.

The finite element analysis is performed in three steps: In the
first step, the obtained results using the analytical model are
verified by finite element analysis. Since the stress values are
relatively low, the differences between numerical and analytical

Tpending

Fig. 6. Quarter portion of the flexible segment and infinitesimal cubes of the
critical points 1 and 2.

values are compared instead of percentage error. It is deter-
mined that the maximum deviation between the two methods is
less than 3 MPa, which is close enough for the initial design of
the joint. In the second step, one end of the compliant universal
joint is bent while keeping the other end fixed. Finally, the bent
shaft is subjected to torque in the third step. Since the deflec-
tions of the flexible segments are large, a nonlinear solution is
applied in the simulations. Torque values are applied iteratively
up to the yield limit of the material to determine the maximum
torque that the universal joint can transmit onset of yielding.

To investigate the effect of the flexible segment thickness,
varying thickness values are used while the width and the
number of arms are kept constant. The results are presented in
Fig. 2(b) for the parameters w = 20 mm, number of arms = 4,
and 7,=1,1.4,and 1.8 mm.

It is observed that the torque capacity increases as the thick-
ness of the flexible segments increases. However, increasing
the thickness results in a decrease in the maximum bend angle
capacity. According to the mechanical properties of the poly-
propylene [21] for ¢, = 1 mm, the maximum bend angle is
21.4° onset of yielding, and the maximum torque capacity is
802 N.mm when there is no bending. For 7, = 1.8 mm, these
values are 12.6° and 2396 N.mm, respectively. Therefore, as in
most compliant mechanisms, the primary design parameter
that defines the torque and bending capacity is the thickness of
the flexible segments. Results are presented in Fig. 2(c) that
the optimum thickness value can be obtained.

7. Design plots for the compliant universal
joint
It can be observed from Fig. 8 that as the flexible segment
thickness increases, the torque capacity also increases while

decreasing the maximum bend angle capacity of the mecha-
nism. For the mechanism with 7, = 1 mm, the maximum bend
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w=20 mm, number of arm=4
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Bend Angle § [deg] o

thickness, § (mm)

Fig. 8. Maximum torque values for w =20 mm, number of arms = 4.

angle reaches 20° before yielding, and its maximum torque
capacity is about 800 N.mm when the bend angle is zero. For
the mechanism with ¢, = 1.8 mm, these values are 10.8° and
2500 N.mm. This situation indicates that the thickness of flexi-
ble segments of the compliant universal joint is a major design
parameter that defines its torque and bending capacity.

Further simulations were performed to determine the effect
of the number of arm flexible segments of the compliant uni-
versal joint for varying bend angles while keeping the thickness

and width constant. The parameters are the number of arms =
3,4, and 6 and #,= 1 mm. The simulation results are pre-
sented in Fig. 8. Let's consider the mechanism’s performance
with a thickness of 1 mm and width of 20 mm in Fig. 9. When
the bend angle exceeds 15°, the torque capacity is the same
for three, four, and six flexible segments. However, when the
bend angle is 1°, the torque capacity of the universal joint with
six flexible segments is 99 % more than the universal joint with
three flexible segments. Note that there is a linear relationship
between the number of arms and torque capacity at lower
bend angles. Therefore, the design with four arms has a torque
capacity of 33 % more than the design with three arms.

To observe the effect of the width, the width of the flexible
segment is varied while keeping the number of arms and thick-
ness constant. The parameters are ¢, = 1 mm, and the num-
ber of arms = 4. The results are presented in Fig. 10. It is ob-
served that the width of the flexible segment has a minor effect
on the torque capacity when the bend angle is high. However,
the torque capacity increases considerably as the width in-
creases for smaller bend angles. For example, let's consider
the mechanism’s performance with a flexible segment thick-
ness of 1 mm in Fig. 10. When the bend angle is 1°, the torque
capacity of the flexible segment with the highest width ( w = 24
mm) is 54 % more than the lowest one (w = 16 mm).

A general result is obtained from all of the analyses and
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Fig. 9. Maximum torque values for w=20mm, ¢, =1mm.
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Fig. 10. Maximum torque values for 7, =1 mm, number of arms = 4.

simulations: For large bend angles, the bending moment of the
flexible segment increases; thus bending stress for the thicker
segments becomes more dominant and their torque capacity
decreases. Intersections of the curves (Figs. 8-10) can be used
as a design criterion to decide the dimensions of the compliant
universal joint according to the requirements of the application.

8. FEA of flexible hinges at out of plane

The analytical model was used for the initial design of the
proposed joint. The detailed analysis of the flexible hinges was
performed by FEA. The analytical model is based on 2D analy-
sis. However, during the joint's rotational motion, the flexible
hinges move through the out of plane. The flexible hinges per-
form a spatial motion that is a function of the bend angle during
the rotational motion. The initial model was analyzed at the out-
of-plane position of the flexible hinges.

The FEA of the flexible hinge at 90° is presented in Fig. 11.
For the given parameters, the maximum stress due to the
bending is determined as 25 MPa at S = 24°, which is lower
than the vyield point of the polypropylene. Furthermore,
200 N.mm torque is applied to input shaft at maximum bend

[2.4382¢ 4007 4
3,3931e+006 gl

Fig. 11. FEA of the flexible hinge at 90° with the parameters of w = 20
mm, ¢, =1mm, R, =70mmand L =100 mm.

Fig. 12. FEA of the flexible hinge at 90° with 200 N.mm torque.

angle for the same parameters. Maximum stress was deter-
mined as 28 MPa for this case, which is still lower than the
yield limit of the polypropylene (Fig. 12).

9. Experimental analysis

To verify theoretical calculations, we built an experimental
setup. The experimental setup with four flexible segments was
manufactured according to the given design parameters. Let
the dimensions of the flexible segments be w=20 mm, ¢, =
1mm, R, =70mmand L =100 mm.

Using the Egs. (1)-(5), N&and / are determined. The
bend angle () of the compliant universal joint is a design
parameter. Substituting N = 41.63, /=28.1 mm, 8/2=12°,
p=0.83.

6, is determined by Eq. (8) where 4 =-4.74, B =-22.31, C
=15.79.

£ -025t-0.17=0
1,=0.556 &1, =—0.308 (20)
6, =58.19°&86,, =-36.32°

The maximum stress at = 24° is determined as =

bending —
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Fig. 13. Technical drawing of the experimental setup.

28, 19 MPa (Eq. (15)).

The resulting stress is lower than the yield strength of the PP.

This condition is only valid if the proposed joint is manufactured
with PP sheet material. Since the experimental setup was de-
signed to be produced by additive manufacturing techniques,
the mechanical properties of PP filament were used. The yield
strength of the PP filament is 19 MPa [21], which is lower than
the PP sheet.

The proposed compliant universal joint design consists of
two rigid bodies at each end and flexible segments between
these rigid bodies. The design is produced by the additive
manufacturing method. Also, there are several experimental
compliant mechanism setups in the Refs. [22, 23]. A compliant
universal joint is designed as an assembly to perform experi-
ments using different flexible segment dimensions and num-
bers (Fig. 13). However, it is possible to produce the compliant
universal joint as a single piece of PP material by both additive
manufacturing and injection molding methods. Rigid and com-
pliant parts are made from polylactic acid (PLA) and PP, re-
spectively.

Experimental analyses were conducted by using the setup
shown in Fig. 11. The experimental setup consists of seven
main parts: A weight (1) is attached to the braking lever (7) that
is used for applying constant braking force on the braking pad
(6). Power supply (2) is used for DC electric motor (3), creating
input torque. The proposed compliant universal joint (5) with
four flexible segments is assembled between two ball bearings
(4).

The torque and the bending capacity were observed to verify
the analytical and numerical results. Furthermore, it should be
verified that the proposed universal joint is suitable for additive
manufacturing methods. Finally, the speed variation between
input and output shafts was compared.

Before the experiment, the output torque was determined as
a function of the weight (1) hanging on the braking lever in Fig.
14. For a certain amount of mass, the force required to rotate
the output shaft is measured by a force gauge. The input and
the output shafts are disconnected for the output torque meas-
urement. As a result, the output torque characteristics of the

Fig. 14. Experimental setup.

test setup are determined as a function of hanging mass.

The test procedure was started with zero output torque, and
the compliant universal joint was operated at different bend
angles. We observed that the designed universal joint and the
test setup were in good agreement by means of the bending
capacity. The smoothness of the motion is also an important
parameter for mechanisms. The smoothness of the proposed
joint under working conditions was tested by measuring the
variation of current drawn by the input motor. Since the refresh
rate of the power supply while displaying the current was insuf-
ficient, an oscilloscope was integrated into the experimental
setup. The drawn current by the input motor at different bend
angles is read from the oscilloscope graphically at 20 Hz. The
current variation was measured less than 7 % indicates the
input motor does not need to apply greater torques at different
angular positions.

The average maximum output torque was 1100 N.mm ac-
cording to the analytical and numerical calculations. It was
observed that the universal joint transmits the output torque up
to 1000 N.mm at g = 0°; however, it failed at 1150 N.mm out-
put torque.

The experimental results of the compliant universal joint at
different bend angles are presented in Fig. 15. The experimen-
tal output torque limits agree with theoretical output torque
limits. The slight differences between the theoretical and ex-
perimental results are mainly caused by manufacturing toler-
ances, thermal variations, and uncontrollable friction losses. It
should be remembered that PP filament has lower yield
strength than PP sheet. For this reason, the maximum bend
angle is limited to 20° (Fig. 15).

Another significant result derived from the experimental
setup is that the additive manufacturing methods can be used
for the compliant mechanisms. Since the directions of the lay-
ers may take an important place for the strength of the flexible
segments, special attention is needed at the design stages [24,
25].

The rotational speed of the input-output shafts was also
measured during operation at different bend angles. The input
shaft of the compliant universal joint is connected to the drive
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Fig. 15. Output torque variations with respect to bend angle.

motor and driven at various speeds. The output shaft is free to
rotate. To observe the input-output shaft velocities, six magnets
are attached around each of the shafts. The velocity data is
read by using speedometers. Experimentally observed that the
proposed design is a constant velocity joint for different bend
angles.

10. Conclusions

This study proposes a novel compliant universal joint with
predeformed flexible segments. To the best of our knowledge,
this type of compliant universal joint is not studied in the litera-
ture. This design has advantages over other universal joint
designs. It can be adapted easily by changing the width, thick-
ness, and number of flexible segments according to the re-
quired bend angles and output torque values. The prototype is
manufactured by the additive manufacturing method from PP.
Moreover, the design is also suitable for plastic injection mold-
ing. Thanks to the scalability of compliant mechanisms, the
compliant universal joint can be produced in a very wide di-
mensional range.

This study can be divided into five main steps. First, a para-
metric design procedure is proposed for the compliant univer-
sal joint. As a result, an adaptable universal joint design is pre-
sented. After this step, an analytical stress analysis is applied
to the design. Since there is no solution method for initially
curved fixed-guided beams in the literature, an alternative
method for stress analysis is proposed. The proposed analyti-
cal method for stress analysis was verified using FEA. Many
mechanisms with different flexible segment dimensions were
analyzed. For the bending-only case, it is observed that the
beam with a larger thickness is subjected to more considerable
stress for the same amount of deflection. Therefore, maximum
stress increases as the thickness increases. To realize the
characteristics of the compliant universal joint, the maximum
torque capacity of the mechanism was analyzed for zero bend
angle. It is observed that if there is no bending, torque capacity
has a linear relationship with the thickness of the flexible seg-
ment. In universal joint applications combined loading case,

where both bending and output torque are applied, is the most
common operational condition. Therefore, a combined loading
case was examined to obtain the performance of the proposed
design.

The width of the flexible segment has a minor effect in the
bending-only case. However, for the combined loading case, it
becomes one of the significant parameters that limit the torque
capacity of the joint. For different combinations of the width,
thickness, and the number of flexible segments, design charts
are obtained as 3D graphics. Any designer who intends to use
the proposed design can easily determine the required pa-
rameters using these 3D design plots.

From the experimental setup, we observed that the proposed
compliant universal joint has constant velocity characteristics,
which are very valuable.

From design stages to experimental setup, it is proved that
the proposed compliant universal joint is capable of being used
in many different areas.
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