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Abstract— Flexure-based finger joints for prosthetic hands
have been studied, but until now they lack stiffness and load
bearing capacity. In this paper we present a design which
combines large range of motion, stiffness and load bearing ca-
pacity, with an overload protection mechanism. Several planar
and non-planar hinge topologies are studied to determine load
capacity over the range of motion. Optimized topologies are
compared, in 30 degrees deflected state, in terms of stresses by
deflection and grasping forces. Additionally, support stiffnesses
were computed for all hinges in the whole range of motion (45
degrees). The Hole Cross Hinge presented the best performance
over the range of motion with a grasping force up to 15 N
while deflected 30 degrees. A new concept, the Angle Three-
Flexure Cross Hinge, provides outstanding performance for
deflections from 17.5 up to 30 degrees with a 20 N maximum
grasping force when fully deflected. Experimental verification
of the support stiffness over the range of motion shows some
additional compliances, but the stiffness trend of the printed
hinge is in line with the model. The presented joints power
grasping capability outperform current state flexure-base hands
and are comparable to commercial non-flexure-based prosthetic
hands. In the event of excessive loads, an overload protection
mechanism is in place to protect the flexure-hinges.

Index Terms— Compliant joints, flexures, robotic hand, pros-
thetic hand, anthropomorphic, additive manufacturing.

NOMENCLATURE

MCP Metacarpophalangeal.
ROM Range of motion.
E Young’s modulus.
G Shear modulus.
SLS Selective laser sintering

I. INTRODUCTION

Flexure joints applied in prosthetic and robotic hands have
been of interest in recent years [1]–[4]. Some of the advan-
tages of an integrated flexure design are more stable grasps
and a reduced number of parts [3]–[5]. Furthermore, when
3D-printing technology is used to manufacture a prosthetic
hand as a single monolithic structure, absence of assembly
can be achieved reducing overall costs.

A major challenge for flexure joints in large range of
motion applications is the strong decrease of support stiffness
in load carying directions when deflected [6]–[8]. This
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loss of support stiffness for large range of motions led
to reconsideration of flexures in the MCP joint and the
accompanying poor load carrying capacity currently prevents
widespread applicability in robotic and prosthetic hands [3].
Therefore, it is of interest to study the mechanical behavior
of monolithic integrated flexure joint designs over the whole
range of motion. The decrement of the stiffness in the support
direction also leads to loss of load bearing capacity of the
hand. Especially when including tendon actuation and high
grasping forces, elastic instability of the joint (buckling) can
result in reduced load-carrying capacity.

Researchers from the UB Hand compared several flexure
topologies for robotic hands by analyzing compliance matri-
ces in undeflected position [4], [9]. Additionally, Tavakoli
et al. presented new topologies and analyzed the flexure
stresses and deflections for the undeflected state [1]. Al-
though analyzing the stiffness properties of flexure topologies
at undeflected state allows the use of simple linear beam
equations, it gives no lead to the stiffness properties at
larger deflection angles due to the strong non-linear behavior.
Furthermore, as critical stiffness and load typically occurs at
maximum deflection angle, stiffness at maximum deflection
angle is of primary interest rather than at the undeflected
state.

Kalpathy used a pseudo-rigid-body model with an approx-
imation of Timoshenko beam theory to model leafsprings
in a larger range of motion [2]. Although pseudo rigid-
body modeling allows for larger deflections, it is limited
to simulation of its kinematic behavior and stiffness in the
free motion direction. Therefore, evaluation of the support
stiffness at large deflection angles is still unavailable.

Odhner presented the “Smooth Curvature model” to cal-
culate compliance matrices in large deflections of planar
leafspring designs, as this can be associated with stable
grasps [10]. This method allows for evaluation of support
stiffness at larger deflections, however, it described the com-
pliance matrix only for the 2-dimensional case. For typical
loading-conditions, out-of-plane stiffness and load carrying
capacity are important also. Furthermore, it only allows for
the evaluation of planar hinge designs.

In this paper, we exploit a flexible multibody method
to calculate and optimize several flexure hinge topologies,
including non-planar topologies, during a cylindrical medium
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Fig. 1. Passive and active range of motion.

power wrap (Fig. 2). This power grasp is identified as one
of the most common used grasps [11], [12] and therefore
the main focus of this research. First, we developed an
optimization strategy to minimize stresses and maximize
grasping force for each topology in deflected state. Secondly,
several joints are presented and the optimized topologies are
compared. The comparison is based on stresses due to grasp-
ing force and sideways loads. Furthermore, a comparison of
the support stiffnesses over the whole range of motion for the
different topologies is done. Third, an overload protection
mechanism for the sideways force is presented. An FEM
analysis is used to obtain the stiffness of the entire finger,
which is subsequently corroborated with measurements. This
methodology results in the first flexure-based finger joint
with substantial external load capacity and grasping force
evaluated in the full-ROM.

II. DESIGN METHODOLOGY

A. Optimization loadcase

To enable flexures in the MCP joint we have carefully
balanced the range of motion with the load capacity and
the torsional stiffness requirements. A finger is designed to
be in a rest position that allows 15◦ of passive extension
(ROMpas) and −30◦ of active flexion (ROMact), Fig. 1.
This range of motion allows to grasp majority of objects in
the medium wrap range [13].

Since the fingers have high compliance for rotations
around the z-axis, the passive extension is achieved by con-
tact with an object. The contact will open the hand to allow
bigger objects to be grasped if so required. The compliance
of the joint is generally insufficient to grip objects.

The extension is actuated by a tendon force Fact which
deflects the flexure up to −30◦ around the z-axis.

The MCP has been identified as the critical joint [3]. When
holding an object the contact force and weight of an object
result in a combination of in- and out-of-plane bending loads
of the flexure elements, Fig. 2.

Since it is of interest to study the functionality of hands
while power grasping, a contact point common to all hinge
topologies is defined (Fig. 2). By doing so, there is a similar
effect of the loads on the hinges and the shape of the finger
is independent of the size of the hinge.

Fgrasp
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Flexure Joint

x y

z

Contact Point

Fig. 2. Reaction forces during power grasping.

For the optimization, the tendon is actuated to position
the finger at −30◦ of rotation. In the same plane a normal
contact force, Fgrasp = 5 N, is applied in the contact point.
While the contact force Fgrasp attempts to open the hand,
the actuation force Fact in the tendon is increased such to
maintain contact. Additionally, a Fz = 0.5 N sideways force
in the z-direction plane is loaded in the contact point.

B. Workspace

The workspace is defined based on anthropomorphic di-
mensions of a human hand [14]. For the proximal joint
(MCP) a workspace is used allowing for 60 x 18 x 17 mm,
corresponding to the length, width and thickness respectively.
Width and thickness represent an average of the proximal
joint dimensions of all fingers, both for male and female,
except the thumb.

The length of the hinge is designed so that half of it is
inside of the palm, see Fig. 2. By doing so, the center of
rotation of the flexure hinge is at the end of the palm and
beginning of the finger, equivalent to the location in a human
hand. The proximal phalange acts as a housing for the other
half of the joint.

C. Hinge Topologies

A series of hinge topologies are defined in advance,
see Fig. 4, and their performance during power grasp is
compared.

• Leafspring (LS)
• Solid-Flexure Cross Hinge (SFCH)
• Three-Flexure Cross Hinge (TFCH)
• Hole Cross Hinge (HCH)
• Angled Three-Flexure Cross Hinge (ATFCH)
The initial topologies are designed such that in the un-

deflected position there is one rotational degree of freedom,
for flexion and extension of the fingers, and the stiffnesses
in support directions are high. For comparison, a flexure
hinge consisting of only a single leafspring is evaluated too,
which only provides support stiffnesses in three degrees of
freedom. This topology is used as a reference as it is often
used for prosthetic and robotic hands [2]–[4]. An initially
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Fig. 3. Angled Three-Flexure Cross Hinge with design parameters (Lflex,
Bphal, Win and t). a) Undeflected position with pre-curved flexures; b)
deflected position with straightened flexures.

curved design is added to generate high support stiffness
at large deflections while sacrificing stiffness at smaller
deflections. Several of these hinges were defined previously
by [7] including their design parameters p.

The HCH combines the constant bending moment of a
TFCH, with the full width of SFCH, except at the crossing
where reinforced parts are used.

The concept of the ATFCH is introduced in this paper,
with a similar topology to the TFCH. The hinge is defined
such to obtain straight elements when a specific angle is
achieved, Fig. 3b.

The length of the leafsprings are equal, as the diagonals of
an isosceles trapezoid, to have an even stress distribution dur-
ing deflection around the z-axis. This hinge is parametrized
by the parameter vector p.

p =
{
Lflex Bphal Win t

}
(1)

Where Lflex is the length of elements, Bphal is the
distance of the base (short side of the isosceles trapezoid),
Win is the width of the inner element and t is the thickness
of the elements, see Fig. 3.

D. Optimization

Flexible multibody software SPACAR is used to evaluate
the performance of the intrinsic geometric nonlinearities of
the hinges [15]. By using nonlinear 3D beam elements, it is
possible to efficiently compute the performance of a series of
design parameters in large displacement motions and small
elastic deformations. As a result a relatively small number of
elements produce accurate results at low computational cost.

A shape optimization based on the Nelder Mead method
is used. The objective is to find the set of design parame-
ters p that maximize the performance within the specified
constraints [16].

The method minimizes a cost function F(p) which is de-
fined to achieve the lowest ratio between stress and grasping
force at −30◦ of flexion.

F(p) = λ
σ(p)

Fgrasp
(2)

Where λ is a performance “penalty” (soft constraint) to
unfeasible solutions [16], Fgrasp is the grasping force and
σ(p) is the stress value defined as follows,

σ(p) =

{
σlimit if maxσ(p) ≥ σlimit
maxσ(p) if maxσ(p) < σlimit

(3)

Fgrasp =

{
Fgrasp @σlimit if maxσ(p) ≥ σlimit
maxFgrasp if maxσ(p) < σlimit

(4)

λ = max
θ

(
dz(p, θ)− dz.max

dz.max
) (5)

The stress σlimit is defined as 60% of the maximum
allowable stress of the material, σmax. The objective to
introduce this stress limit is to filter out flexure hinges that
show high stresses by only deflection. These hinges would
result in low capacity for carrying grasping loads.

The “penalty” factor shown in 5 corresponds to the de-
flections in z-direction dz due to sideways force Fz . Where
dz(p, θ) is the deflection for the current set of parameters p
and dz.max is the maximum allowable deflection. A similar
performance “penalty” is also applied for the allowable stress
σmax (Table I) of the material and dimensions exceeding the
defined workspace. An additional penalty is applied when
flexures collide to ensure collision free designs [17]. By
applying these penalties on the cost function, soft constraints
are added to the unconstrained Nelder Mead algorithm [16].

For each iteration in the Nelder Mead algorithm N + 1
cost functions (N equal to the number of design parameters)
are compared and sorted according to F(p1) ≤ F(p2) ≤
... ≤ F(pN+1), being F(p1) the solution with lowest
cost (highest performance). Based on these results, a new
parameter set p is determined and added to the set of
solutions. This process continues until a certain convergence
criteria is satisfied, defined by:

F(p1)

F(pN+1)
> 0.995 (6)

which corresponds to 0.5% deviation in performance in
the current set of solutions [16].

Eight shape optimizations per hinge topology were con-
ducted, each one with a different initial parameter set. In each
optimization a global or local optimum can be obtained. By
conducting several optimizations the probability of finding
a solution within 5% of the global optimum is greatly
increased. For example, when conducting eight optimizations
for the Three-Flexure Cross Hinge the probability of finding
a solution within 5% of the global optimum is approximately
97% [16].

E. Experimental Setup

In order to validate the numerical model, a setup for
measuring stiffness is used, Fig. 5. A parallel guidance,
1-DOF in the gravity direction, is actuated when weights
are added to the end effector. The vertical displacement is
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Fig. 4. Hinge Topologies in undeflected state. (a) Leafspring, LS; (b) Solid-Flexure Cross Hinge, SFCH; (c) Three-Flexure Cross Hinge, TFCH; (d) Hole
Cross Hinge, HCH; (e) Angled Three-Flexure Cross Hinge, ATFCH.

measured through a linear variable differential transformer
(LVDT) sensor. The strain energy storage of the parallel
guidance has been take into account.

The finger is clamped at one end with all DOFs con-
strained. At the free end, two translations are constrained
by wire flexures. The first wire flexure attaches the parallel
guidance to the free end, which simulates the force Fz from
Fig. 2. The second wire flexure maintains the finger at the
desired deflection (0◦, -15◦ and -30◦).

A finger with only the MCP joint was printed in nylon
PA12 using an SLS process [18]. SLS allows full spatial
design freedom without the necessity of support structures,
and it allows high quality printing of nylon types with better
strain properties than ABS and PLA for example, which is
important for flexures.

In the finger the section corresponding to the median
phalange is hollow with a shell of 1.5 mm, the distal
phalange is printed with a 100% infill.

III. RESULTS

A series of optimized hinges were found by evaluating
the cost function F(p) at a contact force Fgrasp = 5 N and
sideways force Fz = 0.5 N while a deflection of −30◦ was
maintained.

After the optimizations were completed a sideways load
Fz = 2 N and an increasing grasping force on the contact
point was modeled at a deflection of θmax = −30◦, Fig. 6.
This allowed the understanding of failure mechanisms of the
optimized hinges.

LVDT

WeightPhalange
Flexure

Parallel
Guidance

sensor

Clamp

Wire Flexure
(deflection)Wire

Flexure (Fz)
Fig. 5. Experimental setup for stiffness measurement.

TABLE I
OPTIMIZATION PARAMETERS [18]

Parameter Unit
θmin/θmax −15◦/30◦

tmin/tmax mm 0.5/2.5
E GPa 1.7
σlimit MPa 35.0
σmax MPa 50.0
σmax / E 29.4 · 10−3

When an object is going to be grasped, first a tendon force
Fact, required to close the hand, is increased. This produces
stress (σflex) in the flexure hinge. When the object is grasped
and held, a combination of grasping force, increased tendon
force and the sideways loads generate further stresses on the
hinge.

The initial stress shown in Fig. 6 is only caused by deflec-
tion of the hinges, σflex. The ratio between the maximum
allowable stress of the material (σmax in Table I) and the
stress due to deflection, σmax/σflex, is lower than 2.5 for the
Leafspring, the Hole Cross Hinge and Three-Flexure Cross
Hinge. On the other extreme, the Solid-Flexure Cross Hinge
accounts for a ratio lower than 1.6. In general, a higher
ratio is desired for flexure mechanisms that are going to be
cyclically loaded.

From Fgrasp > 1 N the object is being grasped and held
in the air. At this point the initial stress σflex adds with the
induced stress by the constant sideways force, the grasping
force and the tendon force required to keep the finger in
place. A steep increase of the stresses is observed for the
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Fig. 6. Comparison of optimized hinge topologies deflected at −30◦, with
sideways force Fz = 2 N.
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Fig. 7. Comparison of optimized hinge topologies over the range of motion
while loaded with a sideways force Fz = 2 N.

hinges with the lowest σmax/σflex ratio.
The Angled Three-Flexure Cross Hinge is a balance be-

tween a ratio σmax/σflex = 2 and a low slope stress/contact
force.

The Solid-Flexure Cross Hinge presents elastic instability,
at 11 N of contact force, due to high tendon forces. Although
it shows a steady stress behavior because it is stiffer in all
directions compared to the other flexures.

The sideways stiffness Ksw presented in Fig. 6 is the
inverse ratio between a measured displacement dz at the
contact point and the applied load Fz = 2 N at −30◦. Ksw is
affected by both translational compliance in z, and rotational
compliances with the rotation axis in the x/y plane.

Ksw =
Fz
dz

(7)

The Three-Flexure Cross Hinge displayed the lowest Ksw

stiffness while the Angled Three-Flexure Cross Hinge pre-
sented the best performance as expected, due to the straight
flexures at the deflected position.

Further analysis of Ksw, Fig. 7, in the range of motion
was studied. In this case a tendon force was applied to deflect
the flexure joint to an specific angle. At that moment a load
Fz = 2 N was applied and a Ksw was calculated as described
in 7.

The Hole Cross Hinge has the best performance over
the range of motion, with a drop of support stiffness of
47.4%. The Angled three-flexurec cross hinge outperformed
for deflection angles above 17.5◦, but over the whole range
of motion shows a drop of stiffness of 80%. The Leafspring,
the Three-Flexure Cross Hinge and the Solid-Flexure Cross
Hinge show differences above 50% in the support stiffness
from undeflected to deflected position.

From Fig. 7 a non-symmetry between extension and flex-
ion can be observed. In extension, the flexures are deflected
but the influence of the torsion component is diminished.
This is due to an alignment of the contact point with the
center of rotation along the y-axis.

The Hole Cross Hinge and the Angled Three-Flexure
Cross Hinge have resulted in hinge topologies with better
performance. To compare the hinges in more detail, they
were submitted to a deflection of −30◦ and load Fgrasp and
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Fig. 8. Influence of sideways force (Fz = [0; 1; 2] N) in optimized Angled
Three-Flexure Cross Hinge (ATFCH) and Hole Cross Hinge (HCH).

Fz are increased up to the maximum load carrying capacity
to gain insight in failure behavior of the hinges.

Fig. 8 shows that the stress for the Hole Cross Hinge
surpasses the allowable stress limit σmax at Fgrasp = 15 N.
The change of the stress behavior presented at Fgrasp = 5
N is due to increasing tendon Fact in an already deflected
hinge.

The Angled Three-Flexure Cross Hinge presented a linear
and steady increase of the stresses until Fgrasp = 21 N,
where elastic instability appears.

Odhner reported grasping forces as high as 21.5 N for
a three finger robotic hand with flexure hinges only in the
proximal joint position [3]. The latter measurement was
accomplished in a grasping position that avoided sideways
forces. While Belter reported holding forces at the tip for
commercial non-flexure-based prosthetic hands in a range
between 3 − 16 N [19]. The presented performance of
the Hole Cross Hinge and the Angled Three-Flexure Cross
Hinge are a considerable improvement to current flexure-
based hands and can be compared to current commercial
non-flexure-based prosthetic hands [19].

A. Experimental test

Before measuring the finger, the parallel guidance was
characterized and the stiffness was measured when loaded
up to displacements of 4.3 mm. The stiffness of the parallel
guidance was linear in the whole range of motion. This was
used later in order to subtract from the stiffness of the finger,
as these are in parallel.

With the experimental setup, shown in Fig. 5,[
0◦ −15◦ −30◦

]
deflections angles were tested for

a Hole Cross Hinge. These measurements are compared for
validation with the flexible multibody and FEM model in
Fig. 9.

Differences of 60% were found between the flexible
multibody analysis and the experimental results. This model
considers the attachment of the finger and the phalange as
rigid. By comparison the FEM included the phalange as a
deformable body. At 0◦ the difference can be attributed to
the clamp of the finger. As the deflection increases the loss
of stiffness of the hinge becomes more important than the
clamping. For this reason the differences between the FEM
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Fig. 9. Comparison of sideways stiffness obtained by experimental test,
flexible multibody analysis and FEM.

and the experimental at −30◦ are 25%. Small compliances
in any element contribute significantly as these elements
are in series. Despite the differences, the efficiency of the
flexible multibody analysis over the FEM makes it attractive
for efficient flexure hinge optimizations.

B. Overload Protection Mechanism

A mechanism that prevents failure of the flexures when
loads are over the limits is proposed. The concept prevents
excessive displacements in torsion and in mostly all sup-
port directions with the exception of loading in positive
y-direction. An initial kinematic analysis resulted in the
geometry shown in Fig. 10.

In Fig. 10b contact is produced by excessive torsion on the
finger. Also, when overloading due to lateral (x-direction) or
compression forces (negative y-direction), a rolling contact
is still possible between the palm and the phalange.

IV. CONCLUSIONS

In this paper five flexure-based finger joints topologies
are presented, optimized and compared. The joints were
kept within stress limits of 50 MPa and MCP joint human
dimensions while a combination of 45◦ large range of
motion, grasping force of 20 N and sideways load of 2
N was carried out. The topologies have been designed to
withstand relatively high tendon actuation forces. The Hole
Cross Hinge showed the best combination of high grasping
force and low stress over the range of motion. The Angled
Three-Flexure Cross Hinge however performs particularly

x

Palm

Phalanx

a)

T

y b)

Tendon

Fig. 10. Overload mechanism for a Hole Cross Hinge. a) Zoom at the
center of rotation; b) Contact when excessive load is present.

good near the end of the range of motion at full flexion,
and has the highest grasping force capacity. Experimental
verification of the support stiffness over the range of motion
shows some additional compliances, but the stiffness trend
of the printed hinge is in line with the model. The presented
joints power grasping capability outperform current state of
the art flexure-base hands and are comparable to commercial
non-flexure-based prosthetic hands. In the event of excessive
loads, an overload protection mechanism is in place to protect
the flexure-hinges.
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