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Design and Analysis of A Contact- 
Aided Compliant Force-Limiting 
Applicator Mechanism for 
Microneedle Patches
Microneedle patches are emerging minimally invasive devices that deliver drugs using 
micron-scale needles to penetrate the stratum corneum of the skin, offering significant 
advantages such as minimal pain, convenient administration, and low risk of infection. 
However, microneedle patches are typically applied by thumb pressing, making it difficult 
to limit the maximum input force, which can cause needle damage or even nerve contact 
causing pain. This article proposes a force-limiting applicator for microneedle patches, 
which limits the maximum input force through a sheet-based contact-aided compliant 
force-limiting mechanism (CCFM). The sheet-based CCFM consists of a compliant 
sheet and a contact rod (with smooth contact surface). As the contact surface contacts 
the compliant sheet, causing it to deform, the reaction force gradually increases. When 
the contact surface separates from the compliant sheet, the deformation disappears, 
leading to a sudden reduction in the reaction force. The sheet-based CCFM contains no 
electronics, making the applicator easy to miniaturize, reusable, and cost-effective. In 
addition, by designing different dimensions of the compliant sheet and contact surface, 
the applicator can satisfy various force-limiting requirements. The chained pseudo- 
rigid-body model (CPRBM) is used to predict the deformation of the compliant sheet in 
contact with linear and curved contact surfaces. The model is validated using finite 
element analysis (FEA), with maximum relative errors of 6.61% and 6.79%, respectively. 
The reaction force is obtained using the Lagrange multiplier method. For the two different 
contact surfaces, the maximum relative errors between the analytical and FEA results are 
9.3% and 6.8%. In addition, physical prototypes are manufactured and experimental tests 
are performed to further verify the feasibility of the design. Finally, the design procedures, 
the limitation of the analytical model, and future work are discussed.
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Introduction
Force limitation and force feedback are essential in sensitive 

operations, such as minimally invasive surgery, medical rehabilita
tion equipment, and human–robot interaction [1–3]. In machinery, it 
is difficult to replicate this force feedback in a reliable and 
inexpensive manner without sacrificing speed, simplicity, or pro
ductivity. For humans, this force feedback comes naturally and is 
developed through experience; however, in the case of minimally 
invasive surgery or any other sensitive operation toward the 
human body, excessive force can cause irreparable damage to 

sensitive tissues [4]. A representative example is microneedle injec
tion. Microneedles are typically mounted on a patch that consists of 
hundreds of micron-scale needles arranged in an array, which are 
extremely fragile and highly sensitive to force. The required inser
tion force varies between individual microneedles, and excessive 
force can damage the needles, leading to drug leakage, or more seri
ously, cause the needle tips to contact nerves, resulting in pain. 
Therefore, it is crucial to design a device capable of controlling 
the maximum input force for microneedle patch applications [5–7].

The majority devices that achieve force feedback or force- 
limiting functionality rely primarily on force sensors or precision 
mechanical components [8–10]. The former monitors the force in 
real time through electronics, while the latter achieves overload 
protection through precise structural design. However, both 
methods either require a sophisticated control system and expen
sive electronic components or rely on advanced manufacturing 
and assembly techniques. This increases both cost and complexity, 
making their application in miniature or low-cost devices limited.
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The application of compliant mechanisms (CMs) in force- 
limiting and force-sensing devices can greatly address the afore
mentioned issues. CMs utilize the elastic deformation of their flex
ible components to transfer force and motion, compared to 
traditional rigid mechanisms, CMs offer significant advantages 
such as being frictionless, requiring no lubrication, and easily min
iaturized with low manufacturing costs [11]. At present, some work 
has been done on robot sensing and microelectromechanical 
systems using CMs to assist in force sensing or force limiting. 
Wei et al. [12] presented a 1-D force sensor with mN resolution 
using multiple parallel antiparasitic motion flexure blades to 
inject cells with enough accuracy. Chen and Lan [13] designed 
an adjustable constant force mechanism, which is used to passively 
regulate the contact force of a robot’s end effector. Pham and Wang 
[14] developed another bistable constant force mechanism that can 
realize constant contact force and overload protection. Zhang et al. 
[15] proposed a quasi-constant force mechanism based on curved 
beams, which is applied in flexible robotic hands and force- 
sensitive manipulation. Miao and Zheng [16] designed an apple 
picker robot, which achieved the required constant output force 
by incorporating a compliant mechanism in the end effector.

The buckling of compliant elements is also widely applied in force- 
sensing and force-limiting applications. Slocum et al. [17] designed a 
monolithic force-limiting flexure and applied to a toothbrush. The 
buckling flexure employs a twin-beam structure with an upper 
beam that includes a nesting arch on its underside and a lower buck
ling beam member which buckles when excessive force is applied to 
the tip, but restores to its original shape when the force is relieved. In 
the study by Dobrokhotov et al. [18], buckled shapes are visually used 
to determine force on a nanoscale, in which a 15.6 μm wire or 
“needle” is developed to probe nanofibers and other structures of 
similar size. An et al. [19] developed a nonlinear buckling sensor 
for devices such as seismometers. By monitoring the shape 
changes of a preloaded cantilever beam, the sensor provides real-time 
data output. Noda et al. [20] designed a force limiter based on a leaf 
spring bending mechanism, installed on surgical forceps for mini
mally invasive surgery. Similar work has been done by Heimberge 
and Schaumann [21], who used force-limiting components made of 
super-elastic materials, also applied in medical clamps. These force- 
limiting components connect the handle end to the clamp, transmit
ting and limiting the force applied by the user.

The force-sensing and force-limiting devices based on 
contact-aided compliant mechanisms (CCMs) have also seen signif
icant development. The CCM was first proposed by Mankame and 
Ananthasuresh [22]. Unlike traditional compliant mechanisms, 
CCMs utilize mutual contact with rigid external objects and/or inter
nal self-contact with different parts to generate nonsmooth output 
trajectories and load–deflection characteristics. Force-limiting and 
force-sensing mechanisms based on CCMs typically induce defor
mation in flexible components through rigid external bodies to 
sense or control force. Saxena [23] presented a monolithic 
contact-aided displacement-delimited gripper, which limits the 
output displacement through contact interactions between deform
able components, thereby preventing the application of excessive 
force. Yao et al. [24] designed a compliant intrinsic force-sensing 
gripper that obtains the force–displacement relationship through 
contact between the object and the compliant beam, and provides 
real-time feedback on the reaction force. CCMs have been exten
sively developed and applied in diverse mechanical and robotic 
applications. However, to the best of our knowledge, the majority 
existing CCMs are designed to achieve variable stiffness, whereas 
studies on CCMs capable of providing force relief or force-limiting 
remain scarce, especially in the field of medical device applications.

This article introduces a sheet-based contact-aided compliant 
force-limiting mechanism (CCFM), which is integrated into a micro
needle patch applicator to limit the maximum input force of micro
needle patches. The proposed sheet-based CCFM only consists of 
two parts: a compliant sheet and a contact rod. By allowing the com
pliant sheet to contact the head of the contact rod, the compliant 
beams within it undergo varying degrees of bending deformation, 

thereby limiting the maximum input force. This design offers 
several advantages, including structural simplicity, ease of miniatur
ization, reusability, low manufacturing cost, and convenient opera
tion. The analytical model is established based on the chained 
pseudo-rigid-body model (CPRBM). In the analytical model, the 
sheet-based CCFM with different compliant sheet dimensions and 
contact surfaces can be configured to achieve various force-limiting 
requirements, significantly enhancing the design efficiency.

The remainder of this article is organized as follows. Section 1
provides a detailed introduction to the structure and force-limiting 
principle of the proposed microneedle patch applicator. Section 2
develops the analytical model of the sheet-based CCFM through 
the CPRBM and introduces a method to obtain the force–displace
ment relationship by extracting the Lagrangian operator. Section 3
analyzes two design examples through numerical analysis and 
finite element analysis (FEA). Section 4 proceeds with an experi
mental test to further verify the proposed mechanism. The discus
sions and conclusions are presented in Secs. 5 and 6.

2 Design of the Contact-Aided Compliant 
Force-Limiting Applicator Mechanism

The force-limiting microneedle patch applicator should satisfy 
two design requirements: dimensional requirements and force- 
limiting requirements. The dimensional requirements specify that 
the applicator should have a simple and compact structure, be 
easy to carry, and allow one-handed operation. The force-limiting 
requirements specify that, under a prescribed input displacement, 
the applicator must reach a maximum allowable input force that 
does not increase further with additional displacement. This 
requirement is achieved through the sheet-based CCFM. Taking 
into account the average size of the adult hand and the ergonomic 
grip comfort, the overall shape of the force-limiting applicator is 
designed as a cylinder, with a height of H = 60 mm and a diameter 
of D = 20 mm, as shown in Fig. 1. The force-limiting applicator 
includes six parts: base, outer cylinder, guide rod, contact rod, com
pliant sheet, and upper cylinder. The base is aligned with the micro
needle patch and is positioned at the bottom of the applicator. The 
outer cylinder is equipped with a guide groove that interfaces with 
the guide rod, preventing it from falling. A blade-shaped structure 
at the upper end of the guide rod is inserted into the slot of the outer 
cylinder, restricting rotational motion while allowing smooth ver
tical translation within the cylinder. The contact rod is fixed at 
the topmost point of the guide rod, precisely at the center of the 
blade structure, and moves vertically in unison with the guide 
rod. The compliant sheet is secured between the outer cylinder 
and the upper cylinder, with its three compliant beams aligned 
with the corresponding gaps in the inner wall of the outer cylinder. 
The upper cylinder is positioned above the compliant sheet, provid
ing additional fixation and structural stability.

Fig. 1 Force-limiting microneedle patch applicator: (a) overall 
structure and (b) structural components

113307-2 / Vol. 148, NOVEMBER 2026                                                                               Transactions of the ASME

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
m
e
c
h
a
n
i
c
a
l
d
e
s
i
g
n
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
8
/
1
1
/
1
1
3
3
0
7
/
7
6
1
3
4
9
2
/
m
d
-
2
5
-
1
9
6
1
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
8
 
J
u
l
y
 
2
0
2
6



The compliant sheet and the contact rod collectively constitute 
the sheet-based CCFM. The working principle of this mechanism 
is illustrated in Fig. 2. In the initial phase, the compliant sheet is 
mounted above the contact rod with a 0.2-mm clearance (defined 
as the distance between the top end of the compliant rod and the 
compliant sheet). As the rod moves upward, it contacts the compli
ant sheet and induces bending deformation in its three compliant 
beams, generating a reaction force on the rod. The continued 
upward motion of the rod increases the beam deformation and 
thus the reaction force until the beam reaches the maximum 
contact point, where the reaction force attains its peak value. 
Beyond this point, further upward displacement causes the rod to 
lose contact with the sheet, eliminating the bending deformation 
and allowing the sheet to return to its original state, resulting in a 
rapid drop of the reaction force to zero. This movement realizes 
the force-limiting function. The profile of the contact rod head 
surface is a continuous and smooth curve to ensure that the reaction 
force increases gradually and continuously.

When using the force-limiting applicator, the microneedle patch 
is first attached to the base. Then hold the outer cylinder of the 
applicator and apply a downward input displacement din, shown 
in Fig. 3. The applied din causes the guide rod to move upward 
and allows the contact rod to contact the compliant sheet, inducing 
bending of the compliant beams. The reaction force generated by 
the bending of the compliant beams is transmitted through the 
contact rod to the base and then to the microneedle patch. There
fore, the reaction force is the insertion force for the microneedle 
patch. When the contact rod separates from the compliant sheet, 
a crisp “click” sound is produced due to friction and the deforma
tion of the compliant sheet, alerting the user that the maximum 
input force has been reached. Pulling down the base resets the 
contact rod to its initial position, enabling the applicator to be 
reused.

3 Modeling and Analysis
The contact phenomenon in CCMs introduces strong boundary 

nonlinearities, in order to analyze the sheet-based CCFM, it is nec
essary to introduce a method for large-deflection analysis. Among 
the various analytical methods [25–27], the CPRBM method 
[28,29] has been widely adopted due to its relatively simple mod
eling principles. Moreover, the CPRBM is more straightforward 
for 2D problems and is also easy to embed contact constraints 
into the deformation analysis. Therefore, this study employs the 
CPRBM to develop the analytical model of sheet-based CCFM.

3.1 Chained Pseudo-Rigid-Body Model. In CPRBM, rigid 
members with an equivalent force–deformation relationship are 
used to simulate flexible members, as shown in Fig. 4, where Δx
and Δy denote the displacement of the beam end along x-axis 
and y-axis, respectively, and Δϕ denotes the rotation angle of the 
beam end. The compliant beam is divided into multiple flexible 
segments, each of which can be modeled as a series of tiny rigid 
elements which are connected end to end through torsional 
springs. The force–deflection relationship of each segment is accu
rately represented by the spring attached at the joint. By determin
ing the positions of the joints and the value of the corresponding 
spring constants, the deformation trajectory of the beam can be 
effectively predicted. The stiffness constant ki of each torsional 
spring is approximately calculated as

ki =
EI
Li

, i = 1, 2, . . . , N (1) 

where EI is the bending stiffness of the beam element, Li is the 
length of the ith rigid element, and N is the number of rigid 

Fig. 2 The sheet-based CCFM: (a) initial phase, (b) contact 
phase, and (c) separation phase

Fig. 3 Scenarios of proposed force-limiting microneedle patch 
applicator: (a) injection and (b) injection completed

Fig. 4 Modeling schematic of CPRBM: (a) curved beam and 
(b) its chained pseudo-rigid-body model
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elements. When the number of elements N is large enough, the 
resulting CPRBM can equivalently describe the nonlinear load- 
deflection characteristics of the flexible beam. Not only can the 
beam’s end position but also their deformed shapes be accurately 
described.

Without contact interaction, the static equilibrium problem of 
the CPRBM is formulated based on the principle of minimum 
potential energy PE [30,31]. When the potential energy of a 
system is minimum, the system will be in a stable equilibrium 
state. By minimizing PE of the compliant system under the con
straints of the vector loop equation(s), Z(θ1, θ2, . . . , θN) = 0, the 
static equilibrium position of the CPRBM, i.e., the deformed 
state of the beams can be obtained. The vector loop equation is 
used for cases in which one end of the compliant beam is fixed.

min PE
s.t. Z(θ1, θ2, . . . , θN) = 0

(2) 

For the displacement-loaded condition, the potential energy PE 
only contains the strain energy of the whole system, which is the 
elastic energy stored in the deformed structure, shown as follows:

PE =
􏽘N

i=1

1
2

kiδ2
i (3) 

where δi denotes the rotation angle of the ith torsional spring and is 
calculated as δi = (θi − θi−1) − (θ

′

i − θ
′

i−1). θi and θ
′

i are the final and 
initial tangent angles of the ith element, respectively.

3.2 Formulation of Contact Problems. The contact in 
CCMs is divided into compliant–compliant contact and compli
ant–rigid contact. Because the contact rod in the sheet-based 
CCFM is a rigid body, it is a compliant–rigid contact. To describe 
the interaction between the compliant element and the rigid body, 
some boundary conditions should be added. First, define the 
contour curve of the rigid body surface as a continuous function 
f (x). The position of the connection point for each small segment 
of the deformed beam can be calculated as

xi =
􏽘i−1

j=0

Lj cos (θj), yi =
􏽘i−1

j=0

Lj sin (θj) (4) 

The corresponding coordinates for each connection point are 
(x, y), and its projection point along the y-axis on the contact 
surface f (x) is (xi, f (xi)), as shown in Fig. 5. The contact surface 
is simulated by the polynomial curve [32], which function is con
tinuous, explicit, and relatively simple. The polynomial curve is 
generated by multiple points, starting with defining the coordinates 
of the control points Ci(xci, yci), i = 1, 2, . . . , Nc, where Nc denotes 
the number of control points. By fitting the control points with a 

polynomial curve, the profile function of the contact surface can 
be defined as

f (x) = aNP xNP + aNP−1 xNP−1 + · · · + a1x + a0 (5) 

where NP is the order of the polynomial function and NP = Nc − 1. 
If the contact surface is a continuous straight line, only two control 
points are required. If the contact surface is a smooth quadratic 
curve, three control points need to be defined. This approach 
enables designers to explore a wider range of potential design solu
tions without requiring a predefined geometric configuration. By 
adjusting the positions of control points, the contact surface can 
be modified without the need to explicitly define a mathematical 
function. This article does not provide an in-depth study of 
profile curves, and the pros and cons of alternative curves are 
open to exploration.

Second, confined the deformation of the flexible beam to the 
outside of the rigid contact surface, a contact constraint g(xi, yi)
is introduced to describe the distance between the connection 
points of each small segment and the contact surface. When the 
contact region is below the compliant elements, the related joints 
should be above their corresponding projection points. Hence, 
the contact constraint g(xi, yi) can be formulated as

g(xi, yi) = f (xi) − yi ≤ 0, i ∈ a, b[ ] (6) 

where [a, b] represents the region of joints that may contact the 
rigid surface. In addition, the number of contact constraints 
should be equal to the number of relevant joints.

Then, add the contact constraints to Eq. (2), the deformed flexi
ble beam in rigid contact can be described. The specific mathemat
ical model can be formulated as

min PE
s.t. Z(θ1, θ2, . . . , θN) = 0

g(xi, yi) ≤ 0, i ∈ a, b[ ]

(7) 

3.3 Calculation of the Reaction Force At Input Port. The 
input port of CCMs can be actuated by force or displacement. In 
sheet-based CCFM, a downward displacement along the y-axis is 
applied to the input port, which is located at the left end of the com
pliant beam, as illustrated in Fig. 6. According to the force equilib
rium condition, the reaction force at the input port is the contact 
force generated between the compliant beam and the contact rod, 
which also represents the force applied to the microneedle patch. 
Then, the analysis problem is to find the deformation and reaction 
force of the mechanism based on a known input displacement. By 
solving the constrained minimum problem in Eq. (7), the deformed 
configuration of the beam can be obtained directly. Furthermore, 
the reaction force corresponding to the input displacement is also 
readily available, as it is incorporated into the Lagrange equations 
of the optimization process. In our previous work [33], the energy 
method was employed to solve for the reaction force. Compared to 

Fig. 5 Schematic representation of the contact constraints on 
the deformed beam

Fig. 6 Schematic of the FEA simulation for the sheet-based 
CCFM
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the energy method, the fmincon algorithm based on the Karush– 
Kuhn–Tucker (KKT) conditions used in this article explicitly 
extracts the Lagrange multipliers during the solution of Eq. (7), 
allowing the reaction force at the input port to be obtained 
without additional computations. The established mathematical 
model Eq. (7) is a nonlinear constrained optimization problem, 
which can be solved using the optimization algorithm fmincon in 
MATLAB. The constraint handling mechanism of fmincon is based 
on the Lagrangian function formulated under the KKT conditions 
[34], where the gradients of both the objective function and the 
constraint functions are jointly considered. Specifically, to handle 
the inequality constraints in Eq. (7), fmincon introduces the 
Lagrange multiplier λ and constructs the Lagrangian function as 
follows:

L(X, λ) = Π(X) +
􏽘

i∈C

λigi(X) (8) 

where Π(X) represents the total potential energy of the compliant 
beam, C denotes the set of potential contact points, and λi is the cor
responding Lagrange multiplier. In optimal conditions, for any 
contact point i:

∂L
∂X

= ∇Π(X) +
􏽘

i∈C

λ∗i ∇gi(X) = 0 (9) 

That is, the gradient of the total potential energy combined with 
the “reaction forces” along the constraints’ directions sums to zero. 
In conjunction with the KKT conditions,

λ∗i ≥ 0, gi(X
∗) ≤ 0, λ∗i · gi(X

∗) = 0 (10) 

These three conditions ensure that the solution X∗ is both 
optimal and physically valid. Here, λ∗i represents the magnitude 
of the contact force, while ∇gi(X) specifies its direction. The 
KKT conditions imply that a contact force exists only if the 
contact point is exactly on the rigid surface (i.e., gi(xi, yi) = 0). 
In this case, λ∗i > 0 represents the reaction force required to main
tain contact at that point. Conversely, when there is no contact (i.e., 
gi(xi, yi) < 0), that is, λ∗i = 0, indicating the absence of contact 
force. This interpretation of the multipliers as reaction forces pro
vides a physically meaningful way to extract contact forces from a 
constrained energy-based optimization framework.

4 Case Study
The microneedles used in this study are dissolvable micronee

dles [35] with a pentagonal structure and are fabricated from the 
drug itraconazole. They are specifically designed for nail skin 
injection, with heights 500 μm and 700 μm. Because dissolvable 
microneedles are composed entirely of the therapeutic agent 
itself and subsequently dissolve to release the medication after pen
etrating the stratum corneum layer of the skin, they require greater 
precision in the injection force. To achieve effective transdermal 
drug delivery, approximately 70–80% of the microneedle length 
must penetrate the skin. However, the mechanical properties of 
skin vary significantly with factors such as sex, age, and anatomical 
location. In general, thumb pressing typically generates an inser
tion force of approximately 3–6 N when applying microneedles 
[36,37]. Therefore, this study sets the maximum input force for 
the microneedle patch at 5–6 N to represent a general scenario. Fur
thermore, considering the dimensional requirements of the applica
tor, the input displacement corresponding to this maximum force is 
set to 5 mm. This establishes the force-limiting requirement: at an 
input displacement of 5 mm, the maximum input force should be 
within 5–6 N.

The designed compliant sheet is circular and contains three iden
tical straight beams arranged in circular symmetry. The contact 
surface of the contact rod also has a regular symmetric structure. 
To simplify theoretical analysis, one compliant beam and half of 

the contact surface are selected to establish the analytical model. 
Based on the diameter D of the microneedle patch applicator, the 
outer diameter of the compliant sheet is defined as Dout = 20 mm. 
To accommodate the arrangement of three straight compliant 
beams, each beam is designed with a length of L = 7 mm and a 
width of W = 4 mm. Considering the combined requirements of 
specific strength, stiffness, and fatigue resistance, PEEK is selected 
as the material for the compliant sheet, with Young’s modulus 
E = 3600 MPa, Poisson’s ratio μ = 0.38, and yield strength 
σy = 110 MPa . The thickness of the compliant beam is set as 
0.3, 0.4, and 0.5 mm for further analysis. For the contact rod, the 
contact surfaces are designed as linear and curved types, respec
tively. The contact head of the contact rod with linear contact 
surface has a trapezoidal cross section. The apex of the contact 
surface is defined by the control point C2, while its width t is deter
mined by C1 or both C1 and C3, shown in Fig. 6. In CPRBM, the 
compliant beam is horizontally aligned along the x-axis, with the 
midpoint of its left end coinciding with the origin of the coordinate 
system, as illustrated in Fig. 6. For sheet-based CCFM, a clearance 
must be reserved between the compliant sheet and the contact rod 
to prevent premature contact. Therefore, for the linear contact 
surface, C2 is defined as (7, −0.2), indicating that the contact 
surface is positioned directly beneath the compliant beam with a 
clearance of 0.2 mm. For the curved contact surface, due to its cur
vature, the apex C2 is defined to coincide with the midpoint of the 
compliant sheet, i.e., C2 (8.4, 0). To analyze the effect of different 
contact surface widths on the reaction force, C1 is defined as 
(4.5, −2.5), (5, −2.5), and (5.5, −2.5), respectively. Since C3 is 
symmetric to C1 about the centerline of the compliant sheet, the 
corresponding C3 is (12.3, −2.5), (11.8, −2.5), and (11.3, −2.5). 
Taking C1 (5, −2.5) and C3 (11.8, −2.5) as an example, substitut
ing these control points into Eq. (5), the linear contact surface 
f (x)line and the curved contact surface f (x)curve are formulated as

f (x)linear = 1.15x − 8.25 (11) 

f (x)curved = −0.2163x2 + 3.6332x − 15.2595 (12) 

By substituting Eqs. (11) and (12) into Eq. (7), two theoretical 
analytical models are established. In CPRBM of the sheet-based 
CCFM, the number of joints is set as N = 100.

For nonlinear FEA simulation, 2D models are created and 
imported into ANSYS WORKBENCH 2024 R2. Since the analytical 
model does not account for friction, the contact type in FEA is 
defined as frictionless to better compare the analytical results. 
The contact behavior is defined as asymmetric, and the Lagrange 
formulation is selected. Setting the default triangular mesh 
element and the normal-level meshing techniques (9.33-mm 
bounding box diagonal, 2.31-mm average surface area, 1.2 
growth rate, 5 maximum layers, and 0.27 overhang ratio). Refine 
the mesh for the two contact surfaces individually, adjusting the 
element size to 0.1 mm (smaller than the thickness of compliant 
beam) and applying local mesh refinement to the contact surfaces. 
It should be noted that the CPRBM simulates the centerline of the 
compliant beam. In FEA, the contact surface should be offset 
downward by T/2 mm, which is half the thickness of the compliant 
beam. In Fig. 6, the centerline of the compliant beam represents the 
equivalent beam modeled using the CPRBM. When the compliant 
beam contacts the FEA contact surface, the equivalent beam also 
makes contact with the CPRBM contact surface. This accordingly 
simulates the state of the compliant beam that contacts the real 
contact surface.

The deformation interaction of the sheet-based CCFM with the 
linear contact surface is shown in Fig. 7(a), and the displacement 
of the beam tip along y-axis for different input displacements is 
shown in Fig. 7(b). For the curved contact surface, the two 
results are shown in Fig. 8. For the linear contact surface, the 
maximum relative error between the CPRBM and FEA results is 
6.61% at an input displacement of 2 mm, whereas for the curved 
contact surface, the corresponding relative error is 6.79% at an 
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input displacement of 1 mm. This larger deviation in the initial 
contact phase is mainly attributed to low load sensitivity, where 
small absolute displacement differences result in high relative 
errors, compounded by discretizations and contact-modeling 
effects in the FEA simulation. Specifically, the clearance 
between the compliant beam and the contact surface can lead to 
instability in the FEA results, thereby introducing error. In addi
tion, the inherent limitations of the analytical model also affect 
the results. The CPRBM simplifies the compliant beam to its cen
terline; therefore, in the FEA, the contact surface needs to be offset 
downward by 0.2 mm (half of the compliant beam thickness) to 
correspond to the deformation predicted by the analytical model. 
However, the tip point of deformed compliant beam in FEA pene
trates the contact surface defined in the CPRBM, which leads to 
relative errors. Finally, the contact position also influences the 
CPRBM results. The more contact points, the lower the relative 
error. During the initial contact phase, only the right end of the 
compliant beam touches the contact surface. As the input displace
ment increases and the beam enters the large-deflection regime, the 
contact evolves from a single point to two or more points. This 
explains why the analytical results show close agreement with 
the FEA results once the input displacement exceeds 2 mm for 
the linear contact surface and 1 mm for the curved contact 

surface. In the large-deflection phase, at an input displacement of 
6 mm, the relative error drops below 3%, as shown in Figs. 7(a)
and 7(b). This level of precision validates the accuracy of the ana
lytical model based on CRPBM, which can precisely simulate the 
different deformation states of the compliant beam when account
ing for various contact under different input displacements. The 
accuracy of the analytical model lays a solid foundation for the sub
sequent reaction force calculations.

Based on fmincon in MATLAB, the Lagrange multipliers are 
extracted to obtain the relationship between the input displacement 
and the reaction force of the sheet-based CCFM. The force–displa
cement relationships generated by the contact between a single 
compliant beam and the contact surface are shown in Fig. 9. 
Figures 9(a) and 9(b) illustrate the influence of different compliant 
beam thicknesses on the reaction force, where Fig. 9(a) corre
sponds to the linear contact surface defined by C1(5, −2.5) and 
C2(7, −0.2), Fig. 9(b) corresponds to the curved contact surface 
defined by C1(5, −2.5), C2(8.4, 0), and C3(11.8, −2.5). Figures 
9(c) and 9(d) demonstrate the effects of different contact surface 
widths on the force–displacement relationship with a compliant 
beam thickness of T = 0.4 mm; Fig. 9(c) corresponds to the 
linear contact surface, and Fig. 9(d) to the curved contact 
surface. It can be observed that the reaction force increases with 

Fig. 7 Sheet-based CCFM with linear contact surface: (a) com
pliant beam interaction with linear contact surface and (b) its tip 
displacement along y-axis

Fig. 8 Sheet-based CCFM with curved contact surface: (a)
compliant beam interaction with curved contact surface and 
(b) its tip displacement along y-axis
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increasing beam thickness and also increases as the contact surface 
width increases. When the beam thickness T = 0.4 mm and the 
linear or curved contact surfaces width are defined by 
C1(5, −2.5) and C3(11.8, −2.5), the reaction force produced by a 
single compliant beam at an input displacement din = 5 mm is 
1.69 N for the linear contact surface. Since the compliant sheet 
consists of three such beams, the total reaction force becomes 
5.07 N. Similarly, for the curved contact surface, a single compli
ant beam generates a reaction force of 1.74 N at the same input dis
placement, resulting in a total force of 5.22 N for the compliant 
sheet. Both results fall within the required maximum allowable 
force range (5–6 N). Nevertheless, a stress analysis is still neces
sary to ensure that the compliant beams do not fail during 
bending deformation.

According to the von Mises stress analysis shown in Fig. 10, for 
the linear contact surface, when the input displacement din = 5mm, 
the von Mises stresses at the root and the contact point of the com
pliant beam are 59.21 MPa and 91.81 MPa, respectively. For the 
curved contact surface, the two von Mises stresses are 
66.96 MPa and 92.77 MPa. The von Mises stress in contact 
point is significantly higher than that at the beam root, which is 
attributed to the presence of strong localized (Hertz-type [38]) 
loading. The contact between the compliant beam and the 
contact surface occurs as either single-point or multipoint 
contact. The contact surface transfers the load to compliant beam 
through a very small contact area, resulting in a pronounced triaxial 
stress state near the surface (normal compressive stress combined 
with shear stress). The von Mises stress is highly sensitive to 
such localized multiaxial stress states and therefore reaches its 
maximum in contact point. Consequently, the von Mises stress at 
the root of the beam is adopted for safety factor calculation. 
Then the safety factors corresponding to the linear and curved 
contact surfaces are 1.86 and 1.64 (yield strength σy = 110 MPa 
of PEEK).

Finally, the maximum contact point xmax is identified to realize 
the force-limiting function, representing the last position at 
which the compliant beam remains in contact with the contact 
surface. Once the beam passes this maximum contact point, it sep
arates from the contact surface, causing the reaction force to drop 
abruptly to zero. Based on the analytical model, the contact posi
tion on the contact surface corresponding to an input displacement 
of 5 mm is first determined, and this position is xmax, as illustrated 
in Fig. 11. The maximum contact point for the linear contact 
surface is xmax(5.85, −1.52), and for the curved contact surface, 
it is xmax(5.80, −1.46). Subsequently, the entire force-limiting 
process is analyzed using ANSYS-based FEA, and the resulting 
force–displacement relationship is shown in Fig. 12. The 
maximum relative errors corresponding to the two contact surfaces 
are 9.3% and 6.8%, respectively, both occurring in the initial 
contact phase. These larger discrepancies are also attributed to 
the low load sensitivity in this regime, as well as the effects of dis
cretizations and contact modeling in the FEA. Meanwhile, the 
deformation prediction results obtained from the CPRBM deter
mine the accuracy of the Lagrangian operator. As input displace
ment increases, errors gradually reduce and eventually stabilize 
within the range of 3–5%.

Fig. 9 Force–displacement characteristics of CCFM with one compliant beam: effects of compliant beam thickness for (a) linear 
and (b) curved contact surfaces, effects of contact surface width for (c) linear and (d) curved contact surfaces

Fig. 10 Stress analysis of the sheet-based CCFM
Fig. 11 Contact positions of the sheet-based CCFM with (a) 
linear and (b) curved contact surface
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5 Fabrication and Experimental Test
Several experimental tests are carried out for further verification 

of the proposed force-limiting applicator. The compliant sheet is 
made via laser cutting technology, with PEEK material, Young’s 
modulus E = 3600 MPa, Poisson’s ratio μ = 0.38, and yield 
strength σy = 110 MPa. Except for the compliant sheet, all compo
nents of the applicator are fabricated using 3D printing. The contact 
rod and guide rod are printed using Rigid 4000 resin, which has a 

Young’s modulus of E = 3400 MPa. The smooth surface of this 
material further reduces the influence of surface friction on the 
experimental results. The geometric dimensions of the contact 
surface are designed based on the coordinates of the maximum 
contact point. For the linear contact surface, the initial contact 
point is xini(7, −0.2) and the maximum contact point is 
xmax(5.85, −1.52). Thus, the contact surface height is determined 
as hlinear = 1.32 mm, and the width tlinear = 5.10 mm. To facilitate 
fabrication and repeated use (with the compliant rod head repeat
edly passing through the compliant sheet), the contact rod head 
with a linear contact surface is designed as a two-part structure, 
in which the upper part forms the linear contact surface and the 
total height of the contact rod head is set to hhead = 3.5 mm, as 
shown in Fig. 13. For the curved contact surface, the y-coordinate 
of the maximum contact point directly defines the contact surface 
height, resulting in hcurved = 1.46 mm, and the width of contact 
surface is tcurved = 5.20 mm. The specific geometric parameters of 
the sheet-based CCFM are listed in Table 1. The remaining compo
nents of the applicator, including the upper and outer cylinders as 
well as the base, are fabricated from Tough PLA.

For an accurate assembly of the compliant sheet, a positioning 
groove is incorporated between the outer cylinder and the upper 
cylinder. This groove not only aligns the compliant sheet but 
also provides an initial restraint against its rotation. To further 
secure the compliant sheet, the upper and outer cylinders are 
joined using screws inserted through three connection holes, with 
the nuts tightened to further ensure the compliant sheet is firmly 
fixed in place, as illustrated in Fig. 13. For the assembly of the 
force-limiting applicator, the contact rod is first positioned within 
the alignment groove located above the guide rod. The guide rod, 
together with the attached contact rod, is then inserted into the 
outer cylinder. Subsequently, the compliant sheet is placed into 
the positioning groove and the upper cylinder is secured. Finally, 
the base is installed beneath the guide rod.

The experimental setup employs the TA HD Plus texture ana
lyzer, which allows precise displacement or force-controlled 
testing. To minimize ground vibrations, the base of the applicator 
is mounted on the texture analyzer testing platform. The probe is 

Fig. 12 Force-limiting characteristics of one compliant beam 
with (a) linear and (b) curved contact surface

Fig. 13 Experimental testing: (a) experimental setup, (b) prototype components, and (c) installation steps
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positioned at the upper end of the prototype, with a minimal safety 
gap maintained between the probe and the prototype to ensure 
safety redundancy. In this study, the texture analyzer applies a ver
tical downward displacement to the microneedle applicator 
through testing probe. The downward movement distance of the 
probe corresponds to the input displacement din of the sheet-based 
CCFM. The specific experimental setup can be found in Fig. 13.

To minimize dynamic effects, the loading speed during the 
experiment is set to 0.1 mm/s. Each test is repeated five times, 
and the averaged result is used as the experimental value. The spe
cific results of the force–displacement characteristics are shown in 
Fig. 14. Since the sheet-based CCFM exhibits contact characteris
tics, its force-limiting performance is highly sensitive to friction 
between materials. Therefore, to better reflect practical operating 
conditions, three friction coefficients—0, 0.05, and 0.1—are 
adopted in the FEA and compared with the experimental results. 

When the friction coefficient is set to μ = 0.05, the FEA results 
show good agreement with the experimental data, with the 
maximum relative errors 8.80% and 7.08% occurring in the 
initial contact phase for the two different contact surfaces, respec
tively. In the large deformation region, the maximum relative 
errors for both contact surfaces remain below 4%. This discrepancy 
mainly results from assembly errors. In theoretical analysis, a 
clearance of 0.2 mm (refer to Fig. 2 for the definition of this clear
ance) is assigned between the compliant beam and the contact rod 
for the linear contact surface to prevent premature contact. 
However, in practical fabrication, this clearance cannot be pre
cisely achieved due to manufacturing limitations. For the curved 
contact surface, the apex is required to coincide with the center 
of the compliant sheet, yet such alignment is difficult to realize 
in practice. These fabrication deviations lead to inconsistencies 
between the actual and theoretical contact points, thereby affecting 
the force–displacement characteristics obtained from experiments 
and introducing relative errors. In addition, the initial safety gap 
(Fig. 13) between the probe and the prototype further alters the 
actual contact location. Furthermore, the experimental results 
exhibit slightly greater fluctuations than the FEA predictions, 
mainly attributed to the inconsistency in surface roughness. To 
further improve manufacturing accuracy and reduce positioning 
errors, the contact rod and guide rod can be manufactured as an 
integrated component using injection molding or precision 
turning. In general, the experimental and FEA results exhibit con
sistent trends in reaction force versus displacement, where the 
force-limiting function is successfully achieved, further validating 
the feasibility of the proposed design.

6 Discussion
The operation process of the proposed force-limiting micronee

dle patch applicator and the corresponding working states of the 
sheet-based CCFM are illustrated in Fig. 15. The force-limiting 
applicator features a compact form that enables two-finger-handled 
operation. Its design is developed by integrating the analytical 
model with ANSYS-based FEA verification, and the detailed 
design procedure is presented in Fig. 16. The analytical model 
accurately predicts the deformation behavior of the compliant 
sheet as it interacts with different contact rods. A polynomial-based 
representation is employed to describe the contact surface, where 
varying contact surfaces can be generated by adjusting the coordi
nates of the control points. The force–displacement characteristics 
derived through the CRPBM with the help of the Lagrangian oper
ator extraction accurately reflect the variation of the reaction force. 
Leveraging the deformation and force predictions provided by the 
analytical model, a wide range of sheet-based CCFM configura
tions can be systematically designed.

The theoretical model in this article is based on the CPRBM 
method, which offers simplicity, intuition, and convenience to 
solve contact problems. However, this method does not account 
for contact friction, which may lead to noticeable discrepancies 

Table 1 Dimensions of the sheet-based CCFM 

Parameter Symbol Value (mm)

Beam length L 7.00
Beam width W 4.00
Beam thickness T 0.40
Outer diameter Dout 20.00
Inner diameter Din 17.27
Linear contact surface f (x)linear –
Linear surface height hlinear 1.32
Contact head height hhead 3.50
Linear surface width tlinear 5.10
Curved contact surface f (x)curved –
Curved surface height hcurved 1.46
Curved surface width tcurved 5.20
Contact rod length l 7.00
Contact diameter d 2.00

Fig. 14 Experimental results of force-limiting applicator with 
(a) linear and (b) curved contact surface

Fig. 15 Operation process of the force-limiting microneedle 
patch applicator
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between the theoretical predictions and the experimental results. 
To mitigate this limitation, in FEA, the friction coefficient in the 
contact definition is set to 0.05 to better approximate the actual 
contact behavior. In addition, the CPRBM method simplifies the 
compliant beam to its centerline, which introduces deviations in 
the prediction of beam deformation and force–displacement char
acteristics. As a result, the relative error in force prediction 
increases with increasing beam thickness T. Specifically, the 
maximum force prediction error of the linear contact surface is 
8.2% for T = 0.3 mm, 9.3% for T = 0.4 mm, and 10.7% for 
T = 0.5 mm. Furthermore, in the FEA, the contact surface is 
shifted downward by T/2 to match the analytical model. This 
adjustment leads to discrepancies between the contact points in 
the FEA and those predicted by the analytical model, thereby intro
ducing additional errors. With regard to the reaction forces, 
although they cannot be obtained from the CPRBM method 
directly, they can be evaluated using the Lagrange multiplier asso
ciated with the KKT conditions. The accuracy of this force predic
tion depends on the postcontact deformation state of the compliant 
sheet. Finally, because the CPRBM discretizes the beam into a 
number of identical straight segments, it is not suitable for compli
ant beams with variable cross sections.

The compliant sheet is fabricated using laser cutting, while all 
other components of the applicator are manufactured by 3D print
ing, resulting in low production cost and high manufacturing effi
ciency. In this study, the contact rod produced by 3D printing is 
made of Rigid 4000 resin. Although its contact surface is relatively 
smooth, inherent surface roughness still exists, which generates 
friction when in contact with the compliant sheet and consequently 
affects the force-limiting performance of the applicator. As shown 
in Fig. 14, with the increase of friction coefficient, the maximum 
limiting force also increases, and the nonlinear characteristics in 

the force–displacement relationship become less pronounced. 
When the friction coefficient μ = 0.05, the FEA results agree 
better with the experiment results. Under this condition, the applica
tor with linear contact surface exhibits a maximum limiting force 
of 5.90 N, which lies within the maximum force-limiting region 
(5–6 N) [36,37], whereas the applicator with curved contact 
surface reaches a maximum limiting force of 6.17 N. In addition, 
as the force-limiting applicator is used repeatedly, the surface 
roughness of the contact interface slightly decreases, leading to a 
small reduction in the maximum limiting force. Therefore, in prac
tical product development, it is recommended to characterize the 
friction at different stages of use to ensure that the maximum limit
ing force remains within the desired region. It is worth emphasizing 
that the force-limiting behavior of the proposed applicator is primar
ily dependent on the geometric configuration and elastic properties 
of the sheet-based CCFM. Therefore, even if friction is uncertain, 
stable force-limiting performance can still be achieved, demonstrat
ing strong robustness in practical applications.

The force-limiting applicator proposed in this article is primarily 
designed for microneedle patches applied around the periungual 
skin, as shown in Fig. 15. The mechanical properties of skin can 
vary significantly with factors such as age, gender, and anatomical 
location. Even within the same region, different tissue layers 
exhibit distinct mechanical characteristics [7]. Variations in skin 
mechanics directly influence both the maximum insertion force 
of microneedles and the integrity of their penetration. Since the 
proposed applicator force-limiting process can induce a sudden 
release of force, this may cause skin rebound, affecting the integrity 
of microneedle insertion. To investigate the effect of force release 
on insertion integrity, optical coherence tomography can be 
employed to observe structural changes in the skin after micronee
dle insertion [39]. Additionally, the insertion process can be 
monitored by measuring the electrical impedance between micro
needles and counter electrodes placed on the skin [40]. Further
more, FEA of the relevant skin tissues can be conducted to 
explore variations in microneedle insertion positions [41]. In prac
tical use, different microneedle patches require different insertion 
forces [42]. To enable the applicator to meet various force-limiting 
requirements, the maximum force limit can be adjusted by adopting 
compliant sheets with different parameters. Furthermore, the sheet- 
based CCFM can be optimized by adjusting the geometric structure 
of the compliant beam, for example to a trapezoidal shape. The 
process begins by identifying the specific force-limiting require
ments based on the actual application scenario, followed by defin
ing the optimization objectives, including the force increase trend, 
service life, size, and manufacturing cost of the mechanism.

7 Conclusions
This article proposes a force-limiting microneedle patch applica

tor that limits the maximum input force during microneedle inser
tion. The applicator features a compact structure, contains no 
electronic components, and offers low manufacturing cost and 
reusability. The force-limiting functionality is achieved through a 
sheet-based CCFM, consisting of a compliant sheet and a contact 
rod. In this mechanism, the contact rod interacts with three compli
ant beams within the compliant sheet, inducing different bending 
deformations to limit the maximum input force. An analytical 
model based on the CPRBM method is developed to predict the 
deformation of the compliant beam and the corresponding beam– 
rod contact positions. Based on the deformation prediction 
results, the force–displacement relationship is derived using the 
Lagrange operator extraction approach. Both linear and curved 
contact surfaces are analyzed, and the analytical results show 
good agreement with the FEA results. A prototype of the applicator 
is fabricated and experimentally tested. FEA is conducted to eval
uate the force–displacement relationships under different friction 
coefficients. The results show that when the friction coefficient 
μ = 0.05, the FEA results agree well with the experimental 

Fig. 16 Design procedure for the force-limiting microneedle 
patch applicator
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results, further validating the effectiveness of the proposed design. 
In addition, the practical application, design procedure, analytical 
model limitations, the influence of friction, and the effect of the 
force-limiting process on microneedle insertion integrity are dis
cussed, followed by an outline of potential directions for future 
optimization. Overall, the proposed force-limiting microneedle 
patch applicator demonstrates a novel and effective use of 
contact-aided compliant mechanisms, offering new opportunities 
for safe and reliable microneedle delivery.
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