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Abstract

The blueberry industry is a key contributor to
the New Zealand economy but is currently fac-
ing labour shortages that threaten yield security.
Blueberry harvesting is physically demanding,
limiting the available workforce. Fully autono-
mous solutions are financially unfeasible and
compromise the berry marketability. As an in-
termediate solution, this paper develops a pas-
sive robotic knee exoskeleton designed to re-
duce the knee moment experienced by workers
while harvesting. The device utilises compliant
mechanisms to store elastic energy and assist us-
ers in rising from a deep squat. Presented in this
paper is the optimisation of a linear compliant
mechanism to deliver 117.85 N, based on the
knee moment of a 43.46 kg human during squat-
ting. FEA was used to optimise the mechanism
shape and dimensions to achieve a uniform
stress distribution across the material. Simula-
tion with nylon-6-PLA achieved 100% of the
target force with a stress safety factor of 1.56. A
CNC-machined prototype was compression
tested, revealing that 67% of the knee moment
could be alleviated. Despite the deviation from
FEA, results suggest compliant mechanisms can
be effectively integrated into a passive knee ex-
oskeleton to reduce the knee moment of blue-
berry harvesters.

1 Introduction

Over recent years, blueberries have gained popularity
globally, becoming the second most prominent soft fruit
due to increased consumption [1]. Being labelled as a “su-
per fruit” due to the health benefits associated with blue-
berry consumption has contributed to this surge in popu-
larity. This is highly beneficial to New Zealand as the hor-

ticulture industry plays a vital role in the economy, con-
tributing over $7.5 billion for the year of 2024/25 [2].
Within this sector, there has been an obvious increase in
blueberry production to meet the rising demands, with
4000 tonnes of blueberries produced in New Zealand in
2023/24 [3].

Although this rising demand shows strong potential for
the New Zealand economy, the blueberry industry faces
some challenges that cannot be overlooked. Blueberry har-
vesting is an incredibly physically demanding job that sub-
jects workers to immense stress on their body over pro-
longed periods of time [4]. While harvesting, workers are
required to tolerate uncomfortable postures (Figure 1) and
undertake physically demanding repetitive tasks for ex-
tended periods to reach fruit on all heights of the shrubs.

Figure 1: Postures for hand harvesting of blueberries.

These postures can lead to immense fatigue in workers,
resulting in decreased efficiency and can pose risks to their
health. Common for workers in the agriculture industry,
physical demands can lead to an increased risk of injury
such as developing musculoskeletal disorders [5]. As a
consequence, there is a reduced demographic capable to
undertake the work, leading to labour shortages in the New
Zealand blueberry industry [6]. Such labour shortages can
be detrimental to the industry as an insufficient workforce
means harvesting may not be completed quickly enough,



causing blueberries to over-ripen, increasing disease sus-
ceptibility, dehydration and shortening shelf time [7].

To address such challenges, fully autonomous solu-
tions have been explored in industry, such as machine har-
vesting. This poses significant challenges, not only due to
high costs making this unfeasible for many orchard own-
ers but also due to the increased risk of damaging the soft
fruit. Blueberries are highly delicate and perishable which
causes them to be easily damaged during harvesting. A
major risk with utilising fully automated machinery for
harvesting is reducing the quality of the berries, limiting
the shelf life and marketability [8].

Alternatively, these issues can be mitigated by imple-
menting an intermediate solution of robotic wearable de-
vices, such as exoskeletons. Exoskeletons are wearable
mechanisms, designed to physically assist users by mim-
icking the biomechanics of the human body [9]. These ro-
botic devices can be either active or passive, where an ac-
tive design utilises an external energy source to power the
exoskeleton. This project aims to alleviate the issues in-
volved in blueberry harvesting, by designing a novel pas-
sive knee exoskeleton, the Compli-Knee, that reduces the
knee joint moment in users during harvesting.

This paper investigates the use of compliant mecha-
nisms for integration into exoskeletons for blueberry har-
vesting. Compliant mechanisms utilise elastic deformation
of a material to achieve a desired outcome [10]. Imple-
menting compliant mechanisms in the Compli-Knee will
utilise negative work from the user to convert gravitational
energy to elastic energy during squatting. The force output
will assist the user to stand up, hence reducing the knee
joint moment experienced. Introducing such mechanisms
in this application is highly beneficial due to their low cost,
lightweight and environmentally sustainable features.

Key exoskeleton design considerations are to ensure
devices are lightweight and have minimal impedance on
the body. Many studies investigating exoskeleton design
highlight the importance of minimising impedance [11],
[12], [13], [14]. Moreover, any misalignment between the
exoskeleton and human joint can lead to injury, which can
be mitigated with the use of compliant mechanisms [11].
There is currently very limited research on both exoskele-
tons for the agriculture industry as well as the utilisation
of compliant mechanisms in exoskeletons.

The Compli-Knee is a development to bridge the gap
between physical manual labour and fully autonomous so-
lutions. With the current unfeasible nature of autonomous
machinery for blueberry harvesting, the robotic human as-
sistive exoskeleton will ensure high yield quality is met
which can currently only be achieved with harvesting by
hand. Additionally, the Compli-Knee will make physically
demanding tasks more achievable, hence increasing the
demographic that is able to undertake the work and poten-
tially improve the appeal of blueberry harvesting as a job.

2 Experimental Procedure

2.1 Design Requirements

The most important design specification was the force out-
put required of the compliant mechanism, based on the
knee joint moment during blueberry harvesting. [15] and
[4] evaluated different postures and ergonomics of work-
ers during hand blueberry harvesting. Deep squatting was
found to be a common technique used to reach the low
hanging fruit. Consequently, the knee joint moment and
Range Of Motion (ROM) for deep flexion was evaluated.

The knee flexes to 160° from standing to a deep squat,
corresponding to a final knee flexion angle of 20° [16].
The knee joint reaches a maximum moment (M) of 0.93 £
0.16 Nm/kg when lowering to a squat/rising from deep
kneeling [17]. [18] found that the knee moment increases
during a squat, reaching a maximum moment at ~150° be-
fore reducing slightly when deep flexion is reached. As a
result, a constant knee moment is assumed for the design
of the Compli-Knee.

The location of the force acting on the leg was aligned
with the thigh centre of mass to minimise additional met-
abolic cost from the exoskeleton [19]. The distance from
the knee joint to mechanism contact point of the thigh, T
and shank, S are calculated from Equations 1 and 2.

T=U-0567 (1)

where U is the total upper leg length

T

S = (2)

Cos(-)f

where 6 is the final knee flexion angle

The anthropometric values were finalised based on a
range of results from literature [20], [21], [22], [23], [24].
The average values for females and males were used.

0 was set based on the point of thigh to calf contact
during squatting (45.2°). This angle was chosen as the tis-
sue contact significantly reduces the knee joint forces in a
deep squat [17], [25].

The distance between the thigh and calf contact points
(C) for initial (i) and final (f) conditions can be calculated
using Equations 3 and 4.

C;=T?+52—2-T-S-cos (6) 3)

The total displacement (D) of the linear compliant
mechanism is

D=C—C (5)



Holding Cr constant, D was increased from 106.1 mm
to 112 mm to maximise the displacement. Hence, 6; was
increased to 46.65° based on

T2 + 52 — D?

2-T-S ©)

0; = cos™(

The force requirement was designed for a 43.46 kg per-
son based on a 95% confidence for the female population
[20]. The lower percentile was selected, as designing for
heavier individuals would limit the ability of lighter users
to fully compress the mechanism. The total force require-
ment of 117.85 N was calculated using

M=F-T 7

Figure 2 shows the design criteria, assuming the knee
is pin jointed.

T=24591 mm
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Figure 2: Design criteria for the Compli-Knee, initial state, i (left)
and final state, f (right).

2.2 Compliant Mechanism Optimisation Using
FEA

Finite Element Analysis (FEA) was used to determine
whether a linear compliant mechanism can supply a suffi-
cient force for use in a knee exoskeleton. Optimisation was
performed to achieve a Stress Safety Factor (SSF) of at
least 1.5. SolidWorks FEA was used to simulate the mech-
anism performance with prescribed displacements.

Initially, a comparison between two linear nodes, the
X-Bob and LET (Lamina Emergent Torsional), was un-
dertaken. The shape of a single unit of each mechanism
can be seen in Figure 3, with the key dimensions labelled.
Original dimensions for each mechanism can be found in
Table 1, where z indicates the thickness of the mechanism.

A prescribed displacement of 21.2 mm was applied to
each mechanism unit separately, based on 5 units for a to-
tal displacement of 106.1mm. SLS printed nylon material
properties were used, obtained from Type 3 dog-bone
samples as per the ASTM D638 standard. The stiffness
and yield strength values were 1640 MPa and 37.79 MPa,
respectively.
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Figure 3: Shape and key dimensions of the X-Bob (top) and
LET (bottom) single unit.

Table 1: Original dimensions before FEA optimisation.

] Dimension (mm)
Mechanism -
L h d t| w | z | Fillet
X-Bob - 1212125150110 -
LET 51212 |25 |1 |50 10 1

Next, 5 shape iterations were developed from the orig-
inal LET mechanism, using the dimensions from Table 1.
The material stress and force output of the shapes were
compared using the same prescribed displacement and ma-
terial in FEA as above. The shape with the best stress dis-
tribution and highest SSF to force ratio was chosen.

Iteration Set 1 was conducted by optimising the dimen-
sions of the chosen mechanism shape. Using the same
FEA parameters as above, an iterative approach was con-
ducted in which each key dimension was altered within a
defined range (Table 2).

Dimensions were optimised sequentially while holding
the others constant, in the order listed from top to bottom
in Table 2. The most suitable value was chosen based on a
high SSF to force ratio observed from the trends between
dimension size and both stress and force, separately. The
optimised value obtained for each dimension was used to
update the set of dimensions prior to optimising the next.



Table 2: Range of values for key dimension optimisation.

Dimension Minimum Value | Maximum Value
(mm) (mm)

L 3 12
h 21 37
d 1.5
t 0.5
w 40 65
z 6 30

Fillet 0 3

After obtaining the final set of optimised values, Itera-
tion Set 2 was conducted to account for effects of interde-
pendencies between dimensions. Simulations were per-
formed on the full mechanism design, comprised of 4 units
in series. A prescribed displacement of 112 mm was ap-
plied, using the material properties of nylon-6-PLA sheets
(as per the ASTM D638 standard). The stiffness and yield
strength values were 3450 MPa and 75 MPa, respectively.
Nylon-6-PLA was selected due to accessibility to fabricate
the final design and its high stiffness and strength values,
ideal for use in compliant mechanisms.

The geometry was optimised to reach the desired force
output while minimising the material stress. Two mecha-
nisms are to be integrated in the exoskeleton proof of con-
cept, thus, the force requirement for one mechanism is
58.92 N, half of the total target force.

2.3 Experimental Testing

To evaluate the actual performance of the compliant
mechanism, the design was manufactured from nylon-6-
PLA sheets using CNC machining. A compression test was
performed on the final prototype. The compression test
setup can be seen in Figure 4.

Figure 4: Compression test setup.

The compression test speed was 250 mm/min, with a
hold time of 30 seconds at the maximum machine exten-
sion. The limit for the test was set at 108mm. Force vs ex-
tension graphs were obtained from the compression tests,
displaying the trend between force output and displace-
ment of the mechanism.

3 Results and Discussion

The following sections present the FEA optimisation
results, related experimental performance of the machined
compliant mechanism and the final proof of concept.

3.1 Compliant Mechanism FEA

Shape Optimisation

A comparison between the X-Bob and LET mechanism
demonstrated that the LET design had greater potential for
integration into the Compli-Knee. The SSF of the X-Bob
and LET mechanism was 0.3 and 1.75, respectively. Fur-
thermore, the stress distribution maps (Figure 5) suggest
the LET mechanism provides a more uniform stress distri-
bution across the material. Although the force output of
the X-Bob (65 N) was much higher than that of the LET
mechanism (6.01 N), the significantly low SSF poses chal-
lenges for further optimisation. Improving the SSF would
likely require reducing dimensions, causing the members
to become too thin to be structurally viable.

Figure 5: FEA stress map of the X-Bob (top) and LET (bottom)
mechanism.

Despite the stress being distributed well across the
LET mechanism, there were still indications of concen-
trated stress at the ends of the horizontal members. To ad-
dress this localised stress, several shape iterations were ex-
plored, shown in Figure 6 along with the resulting stress
maps. Only the left-hand side is illustrated due to the sym-
metrical nature of the design.



Figure 6: Left side of LET shape iterations: shape geometry (left) and FEA stress map (right). A: Original rectangle. B: External and internal
partial ellipse. C: External partial ellipse with internal ellipse. D: External partial ellipse with internal slot. E: External partial ellipse with
internal rectangle and ellipse combination (outward). F: External partial ellipse with internal rectangle and ellipse combination (inward).

The stress distribution across the horizontal members
was improved for all cases, except Figure 6E where the
stress remained concentrated on one end. The SSF for each
shape was compared to the force output (Figure 7). Alt-
hough Shape A and D had the highest SSF, their low force
outputs limit their potential for integration in the Compli-
Knee. In contrast, Shape C exhibited the highest force out-
put, however, the SSF was low in comparison to most of
the other shape iterations. Shape B was chosen for further
optimisation due to the relatively high SSF and force re-
sults.
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Figure 7: Comparison of force and stress safety factor for the
LET shape iterations.

Dimension Optimisation

Sequential optimisation of the key dimensions (Iteration
Set 1) demonstrated the extent to which each parameter
effects the stress and force output of the mechanism. Fig-
ure 8 displays the stress and force range from changing the
key measurements. Dimension L and h have minimal ef-
fect on the FEA results. These values were designed based

on the smallest allowable size based on the required dis-
placement and the chosen fillet size. Minimising L and h
will ensure the design remains compact in size and light-
weight for integration in the Compli-Knee.
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Figure 8: Effect of altering key dimensions on FEA stress and
force output.

Dimensions d, t, and w had a significant effect on
both FEA outputs, therefore, they were optimised using
the trends shown in Figure 9. Additionally, z had a large
influence on force output while having minimal effect on
stress. Thus, optimisation of z was completed near the
end of the iterative process to increase the force to the
target value. The fillet had minimal effect on force out-
put, however the stress showed a larger response in com-
parison. Analysing the trend of the fillet in Figure 9, it is
apparent the fillet radius should be larger than 0.6mm to
minimise the material stress.
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Figure 9: Trend between dimension size and the FEA stress and force output.

Further optimisation (Iteration Set 2) using nylon-6-
PLA allowed for a larger displacement with a reduced
number of units. This was achieved due to both further
dimension adjustments and improved material properties.
The SSF and force output achieved were also higher. The
final dimensions and FEA performance of both iteration
sets are presented in Table 3. Provided the final mecha-
nism would be CNC machined, dimension t was in-
creased to improve manufacturing accuracy. The fillet
was increased to accommodate the minimum tool radius
of the milling bit.

The final FEA results demonstrated that the LET
mechanism achieved a SSF above the original baseline of
1.5 and can output 100% of the desired force. This corre-
sponds to the ability of the mechanism to alleviate all of
the knee moment for a 43.46 kg person during blueberry
harvesting. Additionally, the stress was distributed well
across the entire mechanism, as illustrated in Figure 10.

Table 3: Optimised dimensions after each set of iterations.

von Mises (N/m*2)
4.820e+07
. 4.338e+07
- 3.856e+07
. 3.374e+07
L 2.892e+07
2.410e+07
_ 1.928e+07

L 1.446e+07

9.643e+06
4.823e+06
2.780e+03

—p Yield strength: 7.500e +07

Figure 10: FEA stress map of the final LET mechanism.

Force (N)

. Dimension (mm) Total Force Output
Itersa;tlon - TJC:{i?sf Displacement | SSF Relative to
L t d W h z | Fillet (mm) Desired Output
Set 1 1.3 3 55 |21.22 | 10 1.2 106.1 1.26 85.2 %
Set 2 6.6 21 |[3.042| 82 28 9.7 2.8 4 112 1.56 100 %




3.2 Experimental Performance

Although FEA achieved a total displacement of 112 mm,
the compression test only reached approximately 108 mm
of displacement. Maximum compression occurs when di-
mension h is fully compressed for all units. Measuring the
final fabricated mechanism showed that the h dimensions
were on average 0.3 mm smaller than the SolidWorks
model, equating to a total of 1.2 mm difference across the
whole mechanism.

Additionally, in the vertical standing position, the total
length of the fabricated mechanism was approximately
3.25 mm shorter than the SolidWorks model. It can be as-
sumed that the weight of the mechanism caused premature
compression of the system.

A linear relationship exists between the force output
and deflection of the LET mechanism. Figure 11 relates
the results to the percentage of knee joint moment allevi-
ated and the knee flexion angle during deep squatting for
a 43.46 kg user. Consideration was made to account for
some forces acting axially along the thigh before reaching
full flexion at 160°.

For the specified design requirements, the fabricated
exoskeleton could alleviate 67% of a user’s knee joint mo-
ment, suggesting a 33% deviation from the FEA simula-
tion. This error can be attributed to the material properties
used in the SolidWorks FEA simulation.

To obtain the material properties, the nylon-6-PLA
sheets were tested shortly after being purchased. Although
the dog-bone samples were placed in a humid chamber be-
fore testing to replicate the effects of moisture exposure,
the diffusion coefficient of the material may impact how
effective this method is. Having been subjected to constant
moisture exposure for several months since testing, the
stiffness of the sheets could have degraded, a common
trend found in moisture exposed nylon [26].

Using an iterative approach, the stiffness of the nylon-
6-PLA was altered in FEA to meet the maximum force
output from the compression test (39.63 N). Reducing the
material stiffness to 2400 MPa achieved a maximum force
output with only 0.32% error to the compression test.

Using this revised value, FEA simulation for 7 differ-
ent prescribed displacements was performed to imitate the
compression test. Results show that the updated FEA
aligns closely to the compression test results (Figure 11).
This supports claims that degradation of the nylon-6-PLA
material properties has caused the discrepancies between
the FEA and experimental results.

Further work should look to test dog-bone samples of
the nylon-6-PLA sheets used to confirm the cause. To ac-
count for the effects of moisture exposure, geometry opti-
misation should be performed using the material proper-
ties in wet conditions, such as a stiffness of 1700 MPa and
yield strength of 45 MPa [27]. Furthermore, upon fabrica-
tion, the parts should be placed in water for a sufficient
amount of time to reach full saturation.
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Figure 11: Knee joint moment alleviated for a 43.46 kg user vs
knee flexion for the experimental and SolidWorks FEA perfor-
mance.

Figure 11 shows that the experimental force decreased
over time as the mechanism was held at maximum com-
pression. Analysing the relationship between force and
time for this period (Figure 12) indicated there is a non-
linear decrease. A total reduction of 2.47 N occurred over
30 seconds. This reduction in force is likely due to elastic
relaxation of the nylon-6-PLA. When removing the LET
mechanism from the machine, the shape remained de-
formed by approximately 4 mm. However, the mechanism
recovered to its original length when stretched by hand,
suggesting no plastic deformation exists.
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Figure 12: Change in mechanism force output when held at max-
imum compression.



Finally, the performance of the LET mechanism inte-
grated in the Compli-Knee can be scaled to user mass. The
percentage of knee moment alleviated across a range of
user masses is shown in Figure 13. It is apparent that as
user mass increases, the effect of mechanism decreases.
This relationship begins to plateau for heavier individuals.
The maximum value included is 130.14 kg based on the
anthropometric data.
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Figure 13: Knee moment alleviated based on user mass.

3.3 Integration of Compliant Mechanism in an
Exoskeleton

Currently, no exoskeletons exist in literature for blueberry
harvesting using compliant mechanisms. As a proof of
concept, the LET mechanism was integrated into the Com-
pli-Knee system, illustrated in Figure 14.

~

Figure 14: Exoskeleton system: Compli-Knee assembly (left)
and engaged proof of concept on left leg (right).

Two mechanisms are included per leg, with one
mechanism located on either side to provide a uniform
force and eliminate undesired torque on the knee joint.
Ongoing and future work looks to develop and evaluate a
functioning prototype of the Compli-Knee.

4 Conclusion

This study successfully optimised a linear compliant
mechanism for integration into a passive knee exoskele-
ton, designed to reduce knee moment for blueberry har-
vesters. FEA performance of the LET mechanism
achieved 100% alleviation of knee moment for a 43.46 kg
user. Compression testing concluded that the fabricated
prototype achieved 67% alleviation. This discrepancy is
attributed to the degradation of nylon-6-PLA material
properties due to moisture exposure.

The Compli-Knee proof of concept demonstrates
strong potential for integrating the LET mechanism. Fu-
ture work will focus on optimising the compliant mecha-
nism for heavier users, evaluating more durable materials
for orchard conditions, and conducting field testing of the
full prototype under real harvesting tasks.
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