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ABSTRACT
Robotic manipulation in the agri-food industry faces sev-

eral issues, including object variation, fragility and food safety.
Underactuated flexure-based gripper allow passive adaptation
to object variation, whilst monolithic flexure joints drive down
cost, part-count, hygiene requirements, contamination and wear.
However, designing flexure-based grippers presents challenges in
achieving sufficient support stiffness, load-bearing capacity and
joint deflection. Additionally, modeling the non-linear flexure be-
havior may become computationally expensive, especially under
wide a variety of load cases, limiting the optimization approaches
to simple structures and joints. In this work we present an inter-
leaved computational optimization algorithm for underactuated
flexure-based grippers, aimed at maximizing the range of gras-
pable circular objects under a given load. This method achieves a
superior design faster than state-of-the-art methods that optimize
all design parameters simultaneously. A prototype constructed
using rapid-prototyping validates the usage of the design method,
and experimentally illustrates gripper performance.
Keywords: Grasping, Gripping, Compliant mechanism,
Flexures, Optimization, Flexure-hinges, Under-actuation

1. INTRODUCTION
The application of robotics in the agri-food industry is ripe

with challenges [1–3]. High throughput is required to make
robotising viable, whilst a cluttered and unstructured environment
brings its own set of problems to deal with. Unique to the agri-
food field are that hygiene and food-safety are of importance. All
of these problems extend to the design of robotic grippers [4].

The uncertainty due to the environment, variation in size and
fragility of objects implies that adaptability is desired. Employ-
ing passive compliance is one of the ways of improving gripper
adaptability, as is done by ’soft’ grippers [5–7]. Examples in-
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FIGURE 1: DEVELOPED PHYSICAL PROTOTYPE WITH APPLE.

clude fin-ray effect grippers [8, 9] , soft tentacles [10–12] and
compliant surfaces. Although providing shape adaptability, the
high compliance may also limit grasp determinism and stability
under external loads.

A different way to tackle the adaptation problem is by way
of intentional non-actuated degrees of freedom in pin-jointed
gripper mechanisms [13–18]. Here the gripper adapts to the
object shape through the underactuated nature of the mechanism
rather than the inherent limited compliance of the material used in
gripper construction. This kinematic adaptation relies on linkage
mechanisms with hinges, which may be associated with decreased
cost-effectiveness, reliability, and hygiene.

1 Copyright © 2023 by ASME



To cope with the aforementioned drawbacks, the underac-
tuated gripper presented in this paper makes use of flexural
bearings. Flexure-based joints provide unique solutions to the
previously mentioned problems in agri-food gripping. In partic-
ular, due to the lack of lubrication or moving interfaces between
parts, flexure-based grippers exhibit a increased reliability and
food safety. However, flexures are inherently limited in stroke,
loadability, and are typically harder to design for. Their inher-
ent non-linear behaviour requires high-fidelity models which can
be computationally expensive, especially when applied to grip-
pers with a large amount of hinges, loading scenarios and object
variation. Most existing literature therefore sticks to relatively
simple flexure joints such as single blade flexures [19–22]. More
complex joint structures provide additional avenues for design
improvements [23], such as increase stiffness, stroke or load-
bearing capabilities. As the complexity of the joints increases,
the number of design parameters and thus gripper design space
increases exponentially. Additionally, parameters arising from
task complexity, such as complex loading conditions, types of
grasp and applied actuator force, further exacerbates the previ-
ously mentioned problem of modeling and optimization, whether
using analytical or computational approaches.

This paper presents a numerical optimization approach to
design underactuated flexure-based grippers with stable 5-point
grasp. The method is able to deal with complex flexure joints,
geometries and loading scenarios.

The main contributions are as follows:

• A computational optimization-based design method of pla-
nar, underactuated grippers using flexure-joints, with the
aim of maximizing the range of circular objects.

• An analytical method to compute worst case loading when
grasping a circular object under an external load of a given
magnitude, reducing the number of possible loading scenar-
ios.

• An interleaved method for optimisation, increasing the effi-
ciency by splitting the process into two alternating optimi-
sation steps;

• Experimental validation of the designed gripper, with a pro-
posed gripper performance indicator based on loss of 5-point
stable grasp.

• And a validation of the used model by using comparing
eigenfrequencies.

The paper starts with an overview of the gripper (Section 2.1),
briefly discussing its parameters how it achieves under-actuation.
Also discussed are assumptions and simplifications made for the
design of the optimization. This is followed by a presentation
of the structure of the optimization method in Section 2.2. Due
to its importance in achieving good performance, the parametric
model used for evaluating a set of gripper parameters is separately
discussed in the following Section 2.3. The optimization proce-
dure has been used to design a proof-of-concept prototype. This
prototype, together with a description of practical experiments

and measurement setup, is discussed in Section 2.4. Then, the re-
sults of optimization performance and physical measurements are
presented under Section 3.1 and Section 3.2 respectively. These
results are subsequently discussed in Section 4. Finally the work
is concluded (Section 6) and possibly interesting future venues
identified in Section 5.

2. METHOD
2.1 Gripper architecture

The gripper consists of two planar, symmetric fingers. Each
finger (Illustrated in Fig. 2) consists of two phalanges attached
to the base and a 5-bar underactuated driving mechanism, which
distributes the actuator force to the contact points. This is chosen
over alternatives such as tendon based actuation to avoid excessive
compression forces in finger hinges, as well as improving clean-
ability. Not shown is the actuated prismatic joint that applies a
vertical force between link 𝐿11 and the base, link 𝐿1.

FIGURE 2: AN OVERVIEW OF A SINGLE FINGER OF THE
FLEXURE-BASED GRIPPER, INCLUDING LABELS OF PRINCIPAL
DIMENSIONS. BLUE LINES SIGNIFY RIGID BODIES, ORANGE
DOTS REPRESENT THE HINGES.
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To make computational optimization feasible with the com-
plex joints, the task dimensionality is reduced by making the
following assumptions. Firstly, we only consider symmetrical,
circularly shaped objects. This restriction can be justified as
many objects in the agri-food industry can be approximated with
a circular cross-section. Secondly, we assume power grasp in
which all phalanges and the palm make contact with the object
such that gripper is form-closed, also fully defining its underac-
tuated geometry. Thirdly, in order not to deviate from the circular
shape assumption, a high stiffness of the object is presumed. Fi-
nally, a given maximum load on the object is assumed, of an
unknown direction. The actuator force is chosen such to ensure
stable 5-point contact under the given external load. Later, we
will present the required conditions on the actuator and external
force. The required conditions on actuator and external force are
presented under Section 2.3.3.

The optimization method makes use of a full model, and in
order to increase optimization speed, a pseudo-rigid model. It
is assumed that flexure gripper’s performance can be adequately
approximated by this model, by neglecting pivot shift and load
dependencies of the flexure hinges.

2.2 Optimization method
A schematic view of the proposed optimization method is

shown in Fig. 3. A parametric model is used to evaluate the
performance of the selected parameters, as this is more efficient
than evaluating the full model. Because of its complexity this is
discussed separately in Section 2.3.

The objective of the optimization is to maximize the range of
objects that can be held in 5-point stable grasp, around a specified
target radius, under a given load. The calculations responsible for
the function evaluations are done within the parametric model,
and hence are discussed further under Section 2.3.3.

2.2.1 Parameters and constraints. The gripper parame-
ters are split into geometric and hinge parameters. These are
elaborated upon further under Section 2.3.1 and 2.3.2 respec-
tively.

The design space of the mechanism is bound by a chosen
geometry. Some lengths of the mechanism are individually con-
strained to avoid interference. Table 1 shows a full list of geo-
metric constraints, split into hinge geometry constraints (top) and
gripper geometry constraints (bottom).

TABLE 1: CONSTRAINTS ON THE OPTIMIZATION. TOP HINGE GE-
OMETRY xh , BOTTOM GRIPPER GEOMETRY xg .

Parameter Range
Hinge height ℎ [mm] 0 - 20

Flexure thickness 𝑡 [mm] 0 - ∞
Hinge width 𝑑 [mm] 0 - ∞

Hinge tilt 𝜙 [deg] 0 - 360
Flexure angle \ [deg] 10 - 80

Element length 𝐿𝑖 [mm] 0 - ∞
Neutral config. angle 𝜓1 [deg] 90 - 180
Neutral config. angle 𝜓2 [deg] 0 - 90

Change gripper 
geometry parameters

Local
Convergence

?

Evaluate parametric 
model

Update parameters
[xg = xg*]

Start design 
[x = x0]

Change flexure hinge 
parameters

Final design [x] found

Optimality 
reached?

Evaluate parametric 
model

Full design 
convergence

?

Gripper optimization

Geometry optimization

Update parameters
[x = x*]

Change flexure hinge 
parameters

Local
Convergence

?

Evaluate parametric 
model

Hinge optimization

Update parameters
[xh = xh*]

No

Yes

No

Yes

No

Yes

FIGURE 3: BLOCK DIAGRAM VIEW OF THE OPTIMIZATION
METHOD. INTERNAL STRUCTURE OF THE PARAMETRIC MODEL
IS SHOWN IN FIG. 4
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2.2.2 Interleaved optimization method. The presented al-
ternating optimization method works on the basis of an inter-
leaved algorithm. It toggles between the optimization of hinge
parameters (Section 2.3.2) and gripper geometry (Section 2.3.1)
until a satisfying design is found. By treating hinge and gripper
geometry optimization as separate problems the amount of pa-
rameters for each optimization are reduced, which significantly
reduces the design space and thus computational load. However,
the hinges and gripper geometry are not fully decoupled, and
hence the interleaving provides an iterative way of finding a good
design.

2.3 Parametric model
To evaluate a given load-case and radius, we want to ensure

5-point stable grasp (no loss of contact), no excessive stress, and
no flexural buckling of the mechanism. A full model of the
gripper could be used to establish performance of a set of chosen
design parameters. However, doing so would be computationally
expensive and hence not feasible to use for optimization. This
is because besides object radius and external load, we also need
to consider that the actuator provides sufficient force to obtain
a stable equilibrium. This optimization problem might imply
that for each function evaluation variations in radius, external
force and actuator force are desired, leading to three dimensional
evaluation. The simplified Pseudo-rigid finger model (PRBM)
estimates the minimal required actuator effort to withstand the
external force in any direction for a given radius. In order to
avoid having to run 𝑛3 simulation steps, the PRBM model is used
to estimate the the minimal required actuator force to withstand
external force for a given radius, ensuring 5-point stable grasp.

Hence the need of a parametric model, indicated in Fig. 3
as a dark colored box. This section goes into more detail in the
implementation of this parametric model. A block diagram view
of the parametric model is shown in Fig. 4.

2.3.1 Geometrical parameters. The geometry optimiza-
tion adjusts a set of lengths of links in the finger. This set of
parameters that are to be optimized are highlighted in light blue
in Fig. 2. This leaves the non-optimized parameters 𝐿3, 𝐿8, 𝐿9,
𝐿10, 𝐿11 and 𝐿12. 𝐿9 and 𝐿12 are fixed to prevent hinge in-
terference. 𝐿8, 𝐿10 and 𝐿11, if left unconstrained, would grow
unbounded to minimize hinge deflections. Because of this these
length are fixed or dependent on other parameters (𝐿8 = 𝐿7,
𝐿11 = 𝐿1 + 𝐿7, 𝐿10 = 50 mm). Lastly, 𝐿3 does not directly affect
the optimization, but should be longer than the distance of hinge
2 to the contact point of the distal phalanx. Thus it is set with a
length of 1.2x the distance between hinge 2 and the contact point,
which is approximately 𝐿3 ≈ 1.2𝐿1. Note that additionally 𝐿1
and 𝐿11 are fixed to be horizontal in the illustrated frame, whilst
𝐿12 is vertically oriented.

2.3.2 Hinge parameters. The hinge optimization addresses
the parameters that define the shape of each flexure hinge. The
hinge type chosen for demonstration of the proposed method is
the triple flexure cross hinge (TFCH). This type is chosen due to
its inherent high support stiffness over large deflection angles. It
requires relatively little parameters to fully define, and thus is well
suited for computational optimization. Additionally, symmetry

Start

Design parameters

Hinge model (x6)

Performance 
evaluation

Full finger model

Pseudo-rigid 
Finger model

Hinge model (x6)Hinge model (x6)Hinge model (x6)Hinge model (x6)Hinge model (x6)

Worst case load

Simplified hinges

Finger geometry

Hinge geometry

Failure criteria 
(stress, buckling multip.)

Constraints
(max stress, 
max buckling 

multp.)

Objective function value

Parametric model

FIGURE 4: BLOCK DIAGRAM VIEW OF THE PARAMETRIC MODEL
USED FOR DESIGN EVALUATION.

of the TFCH joint implies a high torsional stiffness compared to
a cross pivot joint with two flexures. Lastly, the geometry is well
suited to additive manufacturing methods.

The chosen triple cross flexure hinge is fully defined by
a total of 5 parameters per joint, which are shown in Fig. 5.
Every individual flexure that makes up the hinge has a given
height ℎ and thickness 𝑡. The individual flexures within the
joint are distributed over width 𝑑 such that the outer flexures
have the same width as that of the inner flexure, with a gap
existing between flexural elements of distance 0.05d in order to
prevent interference. Finally angle \ determines the angle in the
flexure joint, and the stiffness anistropy while angle 𝜙 indicates
the stiffest direction orientation of the flexure relative the global
gripper coordinate frame.

These parameters are used to generate a SPACAR model
(Hinge model (x6) block in Fig. 4). This model is used to es-
timate the rotational actuation stiffness of each flexure hinge.
This actuation stiffness estimation is subsequently used in the
pseudo-rigid finger model to compute the required actuator force
for stable 5-point contact.
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FIGURE 5: OVERVIEW AND PARAMETERS OF A SINGE TRIPLE
CROSS FLEXURE JOINT.

2.3.3 Performance evaluation. The performance of each
design is evaluated on a single worst load case for each object
radius. The fully flexure-based finger is brought in contact with a
circle of varying radius, whilst a sufficiently high actuator force is
applied such that all contact forces remain positive. This condi-
tion is satisfied under any arbitrary direction of the external force
of a given magnitude 𝑓max. Hence the load case corresponds to
the highest compressive finger force 𝑓f that each finger will en-
dure at 𝐿10. As there are in total 5 contact points during grasp,
there exist five conditions of contact loss and thus worst case
finger loads. In this section we describe how we determine the
worst load case of these 5 candidates.

The method works as follows: First of all, we inspect a
single finger, which due to symmetry, is also representative for the
opposing finger. This gives rise to 3 worst case load candidates.
Subsequently we compute the required actuator force in order to
maintain contact on the opposing finger. Lastly, from the known
information we compute the worst case finger load for all three
possible candidates.

Each contact point experiences a contact force 𝑓 𝑖 = 𝑓𝑖𝑛𝑖
with direction 𝑛𝑖 pointing towards the object. Here 𝑖 ∈ {1, 2, 3}
correspond with the distal, proximal and palm contact points
respectively. The contact force magnitude is given by:

𝑓𝑖 = 𝑓𝑖,el (𝑟) + 𝑔𝑖 (𝑟) 𝑓a + 𝑒𝑖,x (𝑟) 𝑓x + 𝑒𝑖,y (𝑟) 𝑓y (1)

In this equation 𝑓𝑖,el signifies the contact forces at rest due to
elastic stress, 𝑓a the applied actuator force, and 𝑓x and 𝑓y the
external forces acting upon the object in the horizontal and ver-
tical directions, respectively. The geometric transfer functions
𝑔𝑖 (𝑟), 𝑒𝑖,x (𝑟) and 𝑒𝑖,y (𝑟) map the actuator and external force to
the contact force. Due to symmetry, the palm contact force is
influenced by vertical force only such that 𝑒3,x = 0, 𝑒3,y = 1 and
𝑒1,y = 𝑒2,y = 0.

By setting 𝑓𝑖 = 0 in Eq. 1, three candidates for the minimal
required actuator load 𝑓a can be found. These in turn determines
the three candidates for the maximal finger load:

𝑓f = 1/2 𝑓a + ℎ(𝑟) 𝑓x (2)

in which ℎ(𝑟) is a geometric transfer that determines how left and
right finger carry the horizontal load.

Finding the worst case finger load for each radius is a matter
of finding the maximum of the above three described candidate
conditions on 𝑓f :

𝑓worstcase (𝑟) = 1/2 max

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(2ℎ − 𝑒1,𝑥

𝑔1
) 𝑓max − 𝑓1,el

𝑔1

(2ℎ − 𝑒2,𝑥
𝑔2

) 𝑓max − 𝑓2,el
𝑔2√︂

4ℎ2 + 1
𝑔2

3
𝑓max − 𝑓3,el

𝑔3

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ (3)

In order to construct all of the above geometric transfer func-
tions for the radii of interest, the PRBM simulation is run once
with, and once without actuator force. As the gripper pose is
fully defined by the presumed 5-point contact, a linear interpo-
lation on the actuator force is used to find the geometric transfer
functions and the elastic forces. The pseudo-rigid finger model
is constructed with a torsional stiffness at each joint, as estimated
by the hinge model described previously.

Although the pseudo-rigid model is a fair simplification, it
neglects phenomena that constrain maximum finger loading such
as internal stresses and buckling of the flexures in the hinges. To
account for these, the found worst case load from the pseudo-
rigid model is used in the ’full’ non-linear flexible finger model,
deducing the buckling multipliers and maximum stress in the
hinges. To further model a realistic loading condition, an addi-
tional out-of-plane loading of 𝑓oop =

| 𝑓worstcase |
2 is applied, which

reduces hinge load capacity.
The set of feasible radii that can successfully be grasped,

{𝑟feasible}, is determined by constraints on the internal hinge stress
𝜎max and load buckling multipliers _min:

{𝑟feasible} ={𝑟feas,𝜎} ∪ {𝑟feas,_}
𝑟 ∈ {𝑟feas,𝜎} if 𝜎(𝑟) ≤ 𝜎max

𝑟 ∈ {𝑟feas,_} if _(𝑟) ≥ _min

(4)

This is graphically illustrated in Fig. 6. Note that additional
constraints on feasible boundaries might be present.
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FIGURE 6: BOUNDARIES ON THE GRASPING RANGE, INDUCED
BY MAXIMUM STRESS σmax AND BUCKLING MULTIPLIER λmax.

5 Copyright © 2023 by ASME



Lastly, a score ℱ is assigned to the evaluated design (Eq. 5).
This score is proportional to the total gripping range around the
targeted design radius 𝑟req, which ensures that we maximize the
gripping range. Note that this implies that the gripping range
around the targeted design radius is not necessarily symmetrical.

ℱ =
min(𝑟feasible)

𝑟req
+

𝑟req

max(𝑟feasible)
(5)

2.4 Proof-of-concept prototype
To demonstrate the effectiveness of the design method, a

practical proof-of-concept prototype is designed and built (As
shown in Fig. 1). The inherent ability for flexures to be monoton-
ically manufactured increases cost-effectiveness and cleanability.
SLS manufacturing is well suited for additive manufacturing, and
is able to deal with a small minimum feature size. PA-12 Nylon is
the material of choice for the prototype, as its high 𝜎y

E compares
favourably to other polymers (implying good flexural properties).

FIGURE 7: MEASUREMENT SETUP FOR PERFORMANCE EVALU-
ATION.

2.4.1 Drive and support stiffness. To evaluate the model
validity, drive and support stiffnesses of the practical prototype
are compared to the model. Instead of measuring the stiffnesses
directly, the systems resonant frequencies are measured using a
high-speed camera and laser vibrometer. For these measurements
the gripper is clamped at the base of the actuator, the actuator is
fixed and an impulse is applied to the tip of the finger. These
results are subsequently compared to the resonant frequencies of
the numerical SPACAR model.

2.4.2 Gripper performance. To evaluate prototype gripper
performance, instrumented objects of varying radii are placed in
the gripper, and an external force is applied in the jaw opening
direction. The contact forces at the expected locations are mea-
sured by loadcells embedded in the instrumented objects. Grip
quality is thus measured by deducing the minimum required actu-
ator force to maintain 5-point contact under a given external load.
Note that loss of 5-point grasp does not imply grasp failure, as the
gripper can reconfigure itself into a different stable configuration
such as 4-point grasp[13].

A Maxon Motor EC-90[24] brushless DC motor is used in
combination with a belt and pulley connected to a linear guide,
generating the required linear force. This is fed through flexural
couplings that guide the gripper. Load-cells integrated in the
gripper structure measure the force applied to the gripper. Fig-
ure 7 shows the prototype in the measurement setup for gripper
performance evaluation.

3. RESULTS
3.1 Optimization performance

To empirically illustrate the effectiveness of the proposed
interleaved design algorithm, the number of function evaluations
and score are measured. These are shown in Fig. 8.
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FIGURE 8: OPTIMIZATION PERFORMANCE COMPARISON OF A
NELDER-MEAD BASED ALGORITHM AND THE PROPOSED INTER-
LEAVED OPTIMIZATION METHOD.

It can be seen that the proposed interleaved method reaches a
lower function value for a similar amount of function evaluations.
The lower final function value at convergence indicates a better
design according to the selected optimization criteria.

A single function evaluation using a consumer Intel Core i7-
4700MQ central processor unit, running at 2.40GHz is approx-
imately 12 seconds. Total time for the illustrated optimization
was approximately 5 hours.

The final design by the Nelder-Mead and interleaved opti-
mization method result in a feasible radii range of 36.1−42.4 mm
and 32.9 − 45.8 mm respectively. Thus in this example the inter-
leaved method offers an increase in grasping range of 6.6 mm.
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3.2 Prototype performance
3.2.1 Drive and support stiffness. The resonant frequen-

cies of both the model and the developed prototype are shown
in Table 2. For these experiments the actuator is fixed in place,
and thus the lowest resonant frequency corresponds with the un-
deractuated mode of the gripper. The subsequent higher modes
correspond with the support directions.

TABLE 2: NATURAL FREQUENCIES OF MODEL AND PROTOTYPE.

Eigenfrequency
#

Full model
[Hz]

Prototype
[Hz]

1 26.0 26.8
2 39.6 44.0
3 136 144
4 276 266

3.2.2 Gripper performance. The results of the gripper per-
formance measurements are shown in Fig. 9. A point in the
graph can be interpreted as the minimally required actuator force,
to keep a circular object with given applied force in 5-point stable
grasp.

Considering a line of a given radius object in Fig. 9, we can
observe two distinct regions. Firstly a linear region, in which
an increasing load requires a proportional increase in actuator
force to sustain 5-point stable grasp. The slope is an indication
of ability to transfer force of the gripper from actuator to the
contact points. This slope is dependent on forces needed to
deform the gripper (or elastic forces helping to keep the object in
place), and location of the point of contact due to different force
distribution from a given structure configuration. Thus this line
can be used to deduce a given force-transfer characteristic of a
specific configuration. The force generated by the palm can only
be opposed by the vertical force component of the distal contact,
and hence a larger gripper opening requires a substantially higher
force to produce a given palm reaction force.
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FIGURE 9: GRIPPER PERFORMANCE FOR DIFFERENT OBJECT
RADII. DOTTED LINES IMPLY ACTUATOR SATURATION.

The linear region plateaus into the ’saturation’ region, illus-
trated in Fig. 9 by the dotted lines. For the presented results this is
a measurement artifact, caused by the actuator being limited in it
maximum torque. Even when applying maximum torque there is
no 5-point grasp. If a more powerful actuator would be used, we
still expect a plateau region, where flexural buckling occurs due
to excessive flexure loading, leading to loss of contact regardless
of an increase in supplied actuator force. The different minimum
actuator force of the different plateaus can be explained due to
the change in gripper configuration, and elastic component con-
tribution of the flexure joints. As explained previously these can
result in a different force transfer from actuator to contact forces.

4. DISCUSSION
4.1 Optimization

What is not clear from the results of the optimization directly,
are the following observations:

1. Hinge 1, 6 and 7 have high loads, and as a result are opti-
mized to have high stiffness in drive and support directions;

2. Hinge 2 and 5 have high deformation, and as a result are
optimized to have low stiffness;

3. All hinges are rotated such, that the load goes ’straight’
through the joint (i.e. 𝜙 = ∠𝐹load).

4.2 Prototype
The design found by the design method does not guarantee

that the fingers are able to fully open to fit the largest size objects
into grasp. This could result in a situation where the largest
objects might not fit through the jaws of the gripper, and these
thus need to be loaded by lowering the gripper onto them.

Additionally, the opening motion of the gripper is determined
by the geometry configuration and elasticity of hinges. To address
this issue, end-stops have been implemented.

As for the gripper performance, there exists an optimum
where the elastic component and the distal contact angle balance,
requiring the lowest amount of actuator force to hold an object
in 5-point stable grasp. For the presented data this appears to be
close to the 𝑟 = 45 mm object size.

During experiments it was seen that larger radius objects are
sensitive to alignment. A small rotation can cause a significant
shift in observed actuator force required for 5-point contact with
a given load.

5. FUTURE WORK
Changes to the interleaved optimization algorithm would al-

low extension to non-circular and non-uniform objects. Fruitful
results here would further extent the capabilities of the gripper,
particularly for real-world scenarios. Loss of 5-point grasp does
not always result in grasp failure. Expanding the method to take
into into account other grasp configurations, and analyzing their
performance is an interesting avenue to further refine the existing
design.

Some preliminary results of gripper performance have been
illustrated. The usage of a more powerful actuator would allow
the demonstration of the mechanical limitation of the designed
gripper, as opposed to actuator limitations.
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6. CONCLUSION
The application of robotic grippers in the agri-food industry

has many unique challenges. In view of tackling these challenges,
this work presents a design method for grippers, with a focus on
handling a large variety of objects under external load. The design
is able adapt through under-actuation, and the usage of flexure
joints makes the design both cost effective and hygienic.

The proposed interleaved gripper design method for flexure-
based, planar underactuated grippers successfully navigates a
large design space, coming up with a superior solution, faster
than non-interleaved computational optimization methods, whilst
taking into account buckling and stress. It shows that flexure-
based gripper design does not need to be limited to single blade
flexure joints, and that more elaborate flexure joint designs can
be used.

The 3D printed practical prototype out of SLS PA12 Nylon
illustrates the effectiveness of the design method, designed for
a range of objects from 32.9-45.8 mm radius, and showing a
practically realizable grasping range of at least 39 to 51 mm.
Design parameters show that this design is able to resist external
loads of at least 5 N for any radius, in any direction of at least
5N. Part of the designed operating range regarding different radii
objects and loads have been tested, showing promising real-world
performance.

Experiments validate eigenfrequencies in drive and lowest
support directions of the model, illustrating that the high fidelity
model can approximate real world behavior.
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