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ABSTRACT
This study presents a well-defined design paradigm for multi-segment constant-force compliant mechanisms (CFCMs). These
CFCMs are capable of achieving dual-stage zero-stiffness characteristics via innovative stiffness hybridization. To tackle the
critical limitation of conventional single-range constant-force mechanisms, we put forward two distinct configurations: a discrete
two-state CFCM equipped with reconfigurable stiffness modules, and a continuous dual-stage architecture that employs cascaded
negative stiffness elements. The core innovation is centered on the synergistic integration of positive-stiffness structures with
hierarchical negative-stiffness mechanisms, namely bistable beams and their compensated derivatives, to establish overlapping
zero-stiffness regimes. By means of analytical modeling using elliptic integrals and pseudo-rigid-body approximations, combined
with finite element validation, we illustrate that the mechanisms can sustain constant forces of 4 N (1.2–5.6 mm) and 20 N
(12.2–15.1 mm) within continuous motion trajectories. Experimental characterization of 3D-printed prototypes confirms that the
force variation is less than 5% across the designated displacement ranges, and it attains an extension of the operational range in
comparison with single-stage counterparts. This stiffness engineering framework offers multi-phase force regulation capabilities
for applications that demand adaptive interaction forces, spanning from precision microassembly to bio-compatible robotic
manipulation.

1 | Introduction

The constant-force compliant mechanism (CFCM) delivers
a nearly invariant output force over a defined deformation
range—hence its alternative designation as a zero-stiffness
mechanism [1–5]. This distinctive mechanical behavior under-
pins broad applicability across engineering domains, includ-
ing precision manipulation, biomedical instrumentation, and
micro/nano-scale operations [3–9]. In robotic fruit harvesting,
for instance, CFCMs mitigate tissue bruising by eliminating force
overshoot during clamping [2]; in microgripping, their consis-
tent force output prevents damage to fragile specimens caused
by uncontrolled gripping forces [4–6]. Moreover, the intrinsic
capacity to sustain near-constant force renders CFCMs highly
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effective in passive vibration isolation and impact buffering sys-
tems [5, 10].

Active control strategies can modulate the force–displacement
response to emulate constant-force behavior [7]. Yet such
approaches mandate real-time sensing (e.g., force and dis-
placement feedback) and dedicated closed-loop controllers—
introducing structural complexity, calibration overhead, and
elevated cost. Crucially, robust force regulation remains chal-
lenging when interacting with unstructured or uncertain envi-
ronments [11–13]. Alternatively, passive stiffness-tuning via
discrete elastic elements (e.g., springs) has been explored to
realize constant-force characteristics [8, 14]. However, this
method suffers from inherent limitations in high-precision
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contexts—including backlash, Coulomb friction, and progres-
sive wear—compromising repeatability and long-term stability.

Compliant mechanisms offer a compelling alternative: they
transmit motion and load solely through controlled elastic
deformation, thereby eliminating joints, friction, wear, and
assembly clearances while enabling monolithic fabrication and
sub-micron positioning accuracy [9, 15–20]. Their suitability
for constant-force design stems from two complementary stiff-
ness regimes: (i) positive stiffness under initial loading, and (ii)
negative stiffness induced by post-buckling deformation beyond
the critical Euler load. By strategically integrating these oppos-
ing stiffness contributions—typically through parallel or hybrid
configurations—a net near-zero stiffness (i.e., constant-force)
response can be achieved over a prescribed load range [18, 19, 21].
Critically, this passive architecture obviates the need for sensors
or active control, enhancing reliability and scalability.

Two principal paradigms govern CFCM design. The first relies on
structural optimization—either distributed shape optimization
or topology optimization—to directly synthesize zero-stiffness
behavior [18–20, 22, 23]. While powerful, shape optimiza-
tion entails high computational expense and parametric sen-
sitivity; topology-optimized designs often yield geometrically
complex, non-manufacturable layouts [24–26]. These limita-
tions motivate alternative paradigms like stiffness antagonism
for more tractable, manufacturable CFCM design. The second
paradigm exploits stiffness antagonism: deliberately coupling
positive- and negative-stiffness substructures (e.g., pre-buckled
beams with linear springs) to cancel net stiffness over a tar-
get displacement interval [19, 21]. Zero stiffness here denotes
a region wherein the derivative of force with respect to dis-
placement dF/d𝛿≈0—achievable, for example, by paralleling
a positive-stiffness element with a negative-stiffness element
whose force–displacement slope is equal in magnitude but oppo-
site in sign.

Illustrative implementations include bistable-beam-based grip-
per, which achieves invariant clamping force without external
actuation or sensing [19]; a magnetically coupled scanning probe
that maintains consistent tip–sample interaction force via inte-
grated negative-stiffness guidance [27]; and an Euler-buckled
beam-spring shock absorber engineered for low-frequency vibra-
tion suppression [28]. A torsion shock suppressor—combining
a pre-compressed cam-roller mechanism with positive torsional
stiffness—has also been proposed for rotational vibration isola-
tion [10]. Nevertheless, all existing CFCMs exhibit only a sin-
gle constant-force stroke [4, 29, 30], whereas practical appli-
cations (e.g., multi-stage robotic manipulation, adaptive pros-
thetics, or graded tissue interaction) demand multi-section
constant-force profiles—that is, distinct, controllable force
plateaus across sequential displacement intervals. To address
this gap, this paper introduces three novel design concepts
enabling compliant mechanisms with two-section constant-force
ranges.

Specifically, Section 2 presents a discrete CFCM generating two
independent, fixed-force plateaus; Section 4 details a continuous
two-segment CFM exhibiting smooth transitions between two
distinct constant-force regimes. Concluding remarks, including
limitations and future directions, are provided in Section 4.

FIGURE 1 | Design idea of non-adjustable CFM. (a) Design schema.
(b) Diagram of the mechanical relationship of the CFM.

2 | Design of Discrete CFM

2.1 | Design Idea

The design concept of the two-section constant-force mechanism
is illustrated in Figure 1a, wherein two negative-stiffness sub-
structures are arranged in parallel with a single positive-stiffness
element. To realize two distinct zero-stiffness ranges—that
is, two sequential intervals over which dF/d𝛿 = 0—the two
negative-stiffness substructures share identical negative stiff-
ness magnitudes but are deliberately designed to activate
over non-overlapping, staggered displacement intervals. Specif-
ically, their negative-stiffness behaviors initiate and terminate
at different deformation thresholds, thereby enabling sequen-
tial stiffness cancellation. As a result, when integrated with a
base positive-stiffness compliant structure, the composite sys-
tem exhibits two consecutive plateaus of near-constant force
output, each corresponding to the active engagement of one
negative-stiffness substructure.

The design principle of the discrete CFCM is illustrated in
Figure 1b. A single positive-stiffness mechanism (PSM) with a
linear force–displacement response is selectively coupled—via
mechanical switching—with two distinct negative-stiffness
mechanisms (NSMs), each tuned to cancel the PSM’s stiffness
over a separate displacement interval. This architecture yields a
two-segment constant-force output: in State I, the PSM operates
in parallel exclusively with NSM-1, whose negative stiffness
magnitude exactly offsets that of the PSM, thereby establishing
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FIGURE 2 | Design of non-adjustable CFM. (a) Structural design. (b) State transmission.

the first zero-stiffness region as shown in Figure 1a; in State
II, the switching element reconfigures the load path so that
the PSM engages solely with NSM-2—identical in stiffness
magnitude to NSM-1 but activated at a higher deformation
threshold—producing a second, non-overlapping zero-stiffness
region. The transition between states is achieved through a deter-
ministic, repeatable mechanical switch (e.g., a cam-actuated
latch or bistable toggle), ensuring reliable and hysteresis-free
state selection. Thus, this discrete switching strategy enables
robust realization of a dual-section constant-force compliant
mechanism.

2.2 | Structural Design

The positive-stiffness mechanism (PSM) is implemented
using a monolithic combined beam that exhibits a linear
force-displacement response within its operational range. The
first negative-stiffness mechanism (NSM-1) is realized as a single
bistable beam, while the second negative-stiffness mechanism
(NSM-2)—engineered to deliver an identical negative stiffness
magnitude but over a shifted displacement interval—is config-
ured as two identical bistable beams connected in series. This
series arrangement increases the overall deformation threshold
required to activate buckling, thereby delaying NSM-2’s engage-
ment relative to NSM-1. Two critical design considerations
govern the system: (i) precise stiffness matching—ensuring the
absolute value of each NSM’s negative stiffness equals that of
the PSM to guarantee complete stiffness cancellation in each

state; and (ii) deterministic mechanical transition—designing
the switching interface to enable unambiguous, repeatable, and
backlash-free reconfiguration between the two parallel coupling
modes.

Figure 2a presents the structural layout of the discrete CFCM.
The first constant-force region is established by mechanically
coupling the positive-stiffness module (PSM) in parallel with the
first negative-stiffness module (NSM-1). A rigid transition bar
serves a dual function: it directly transmits load between the
PSM and NSM-1, while simultaneously decoupling the PSM from
NSM-2—thereby constraining NSM-2 to remain undeformed
and inactive throughout the first state.

The second constant-force region is activated via a determin-
istic mechanical reconfiguration: a removable pin is inserted
into a dedicated pinhole located at the proximal end of NSM-1.
This action rigidly fixes NSM-1’s front end, suppressing its
buckling deformation and effectively disabling it. Concurrently,
removal of the rigid transition bar (or its disengagement via
the pin insertion) enables direct parallel coupling between
the PSM and NSM-2. As a result, the system transitions
to State II, wherein NSM-2—tuned to the same negative
stiffness magnitude as NSM-1 but with a higher activation
threshold—engages with the PSM to produce the second
zero-stiffness region. This binary, switch-driven architecture
ensures unambiguous, repeatable, and hysteresis-minimized
state transitions between two distinct constant-force
plateaus.
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2.3 | Stiffness Matching

Stiffness matching between the positive- and negative-stiffness
substructures is systematically analyzed to ensure exact cancel-
lation in each operational state. The bistable beam—selected
as the negative-stiffness element—exhibits a well-documented
post-buckling response that generates a controllable negative
stiffness region [30, 31]. Its force–displacement characteristic,
derived analytically via the elliptic integral method, quantita-
tively defines both the magnitude and displacement bounds
of this negative stiffness. As shown in Figure 3a, the bistable
beam consists of two identical slender beams clamped at one
end and connected by a rigid central link; under axial com-
pression, it undergoes symmetric snap-through buckling, pro-
ducing a distinct softening branch in the load-deflection curve
where dF/d𝛿 < 0. This nonlinear behavior is rigorously modeled
using elliptic integrals to capture geometric nonlinearity and
large deflections—enabling accurate prediction of the critical
buckling load, negative stiffness slope, and stable deformation
range.

𝐹s = 2(𝑃 cos𝜑 sin 𝛼 − 𝑃 sin𝜑 cos 𝛼) (1)

where 𝑃 is the mutual force between the sliding block and beam,
𝛼 and 𝜑 represents the angles between 𝐹s and y-axis, 𝑃 and the
x-axis, respectively.

Since the bistable beam is symmetrical, we select its left half as
the analyzed object, as shown in Figure 3b.

𝑏

𝐿
= − 1√

𝜆

(
sin𝜑(2𝐸

(
𝜅, 𝜙2

)
− 2𝐸

(
𝜅, 𝜙1

)
+ 𝐹

(
𝜅, 𝜙1

)
− 𝐹

(
𝜅, 𝜙2

)
+ 2𝜅 cos𝜑

(
cos𝜙1 − cos𝜙2

) ) (2)
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= − 1√
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) )
(3)

where is the 2nd incomplete elliptic integral? It can be written as
follows:

𝐸(𝜅, 𝜙) = ∫
𝜙

0

√
1 − 𝜅2sin2𝛿d𝛿 (4)

According to Equations (2–4), the vertical displacement 𝑏 and
horizontal displacement 𝑎 of the beam end can be determined
when the parameters 𝜅, 𝜙1 and 𝜙2 are determined.

For the fixed guide beam structure, the variables 𝜙1 𝜙2 satisfy the
following relationship.

sin𝜙1 = 1
𝜅

cos
(𝜑

2

)
sin𝜙2 = sin𝜙1 (5)

To determine the stiffness of the beam, we calculate the force
F when the displacement d of the slider is specified. How-
ever, this relationship cannot be directly derived from the afore-
mentioned formula and must instead be obtained through an
iterative method. The iteration process can be described as
follows:

1. When the displacement of the slider is d, the horizontal
and vertical deformation of the beam can be obtained as
follows:

FIGURE 3 | Negative stiffness mechanism and its mechanical perfor-
mance. (a) Bistable beam structure. (b) Force-displacement curve of the
two negative stiffness structures. (c) The load-deflection curves of NSM-1
and NSM-2.

𝑎0 = 𝑙2 − 𝑑 sin 𝛼

𝑏0 = 𝑑 cos 𝛼 (6)

2. As the parameters 𝜅, 𝜑 are set as initial values, the 𝜙1 and
𝜙2 can be calculated by Equation (5). The force 𝐹s corre-
sponding to the displacement d can be calculated from these
parameters. The displacement a and b can also be obtained.
These displacements compare with the target values 𝑎0 and
𝑏0, and continue iterating if they are not equal; if equal,
the resulting force corresponding to expected displacements
can be obtained.

The second negative-stiffness module (NSM-2) comprises two
identical bistable beams arranged in parallel—doubling the
axial load capacity while preserving the negative stiffness slope
per unit width. Its mechanical behavior is modeled using the
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same elliptic integral framework applied to NSM-1, ensuring
consistency in analytical treatment and enabling direct quanti-
tative comparison. As shown in Figure 3c, the load-deflection
curves of NSM-1 and NSM-2 reveal two key design-differentiating
features:

1. Activation threshold offset: NSM-2 initiates its negative-
stiffness regime at a significantly higher displacement
(3.6 mm vs. 1.2 mm) and axial force (7.1 N vs. 2.6 N), reflect-
ing its deliberately increased structural stability—achieved
through the parallel configuration’s enhanced buckling
resistance. This staggered activation enables sequential
engagement with the PSM, forming the foundation for two
distinct constant-force plateaus.

2. Negative-stiffness range extension: NSM-2 exhibits a 2.3×
wider negative-stiffness interval (Δδ= 1.8 mm) compared
to NSM-1 (Δδ= 0.78 mm), while maintaining near-identical
negative stiffness magnitude (−0.82 N/mm for NSM-2 vs.
−0.85 N/mm for NSM-1). This extended operational win-
dow ensures robust force regulation over a larger deforma-
tion segment in State II.

The positive-stiffness module (PSM) consists of four symmetric
flexure beams arranged in a cross configuration, as depicted in
Figure 4a. To enable efficient and accurate stiffness matching,
its quasi-static response is modeled using the pseudo-rigid-body
method (PRBM). Exploiting structural symmetry, only one quad-
rant (beams AB and CD, plus the central rigid link) is modeled
explicitly; the full system response is reconstructed via kinematic
superposition. As illustrated in Figure 4b, each flexure beam is
represented by a rigid segment connected to its neighbor through
an ideal torsional spring, whose stiffness is calibrated against
finite-element benchmarks to ensure sub-3% error in predicted
force–displacement linearity across the target range.

The stiffness of the beam that is equivalent to a torsional spring
is [32].

𝑘Ti = 2𝜆𝑘𝜃
EI
𝑙𝑖

(7)

where 𝜆 is characteristic radius coefficient, 𝑘𝜃 is the stiffness coef-
ficient of torsional spring, 𝐸 is the elastic module of material, 𝐼 is
the inertia moment of beam section, 𝑙𝑖 is the length of the beam.

The force P is represented by a vector.

𝑃 = 𝑃 𝑖̂ (8)

The force is rewritten

𝑍⃗ =
(
𝑅1 sin 𝜃1 + 𝑚 +𝑅2 sin 𝜃2

)̂
𝑖 (9)

where 𝑅𝑖 = 𝜆𝑙di, 𝜃𝑖 is the angle between the pseudo rigid bar and
the x-axis.

The 𝜃1 is selected as generalized coordinates. By differentiating
Equation (9) against the generalized coordinates 𝜃, the virtual dis-
placement of the slider can be obtained.

𝛿𝑍⃗ =
(
𝑅1 cos 𝜃1 +𝑅2 cos 𝜃2

𝑑𝜃2

𝑑𝜃1

)
𝛿𝜃1 (10)

FIGURE 4 | Positive-stiffness compliant mechanism. (a) Structure.
(b) Pseudo-rigid-body model. (c) Force-displacement relationship of the
positive-stiffness structure.

The virtual work generated by the force 𝑃 is

𝛿𝑊𝐹 = 𝑃

(
𝑅1 cos 𝜃1 +𝑅2 cos 𝜃2

𝑑𝜃2

𝑑𝜃1

)
𝛿𝜃1 (11)

The virtual work from the deformation of the beam AB is

𝛿𝑊𝑇 1 = −2𝑘𝑡1𝜃1𝛿𝜃1 (12)

The virtual work done by the beam CD is

𝛿𝑊𝑇 2 = −2𝑘𝑡2𝜃2
𝑑𝜃2

𝑑𝜃1
𝛿𝜃1 (13)

The virtual work of the mechanism is the sum of the above ones.

𝛿W = 𝛿𝑊𝐹 + 𝛿𝑊𝑇 1 + 𝛿𝑊𝑇2
(14)
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The principle of virtual work is applied to obtain the following
expression by substituting Equations (11–13) into (14).

𝑃

(
𝑅1 cos 𝜃1 +𝑅2 cos 𝜃2

𝑑𝜃2

𝑑𝜃1

)
− 2𝑘𝑡1𝜃1 − 2𝑘𝑡2𝜃2

𝑑𝜃2

𝑑𝜃1
= 0 (15)

where
𝑑𝜃2

𝑑𝜃1
=

𝑅1 sin 𝜃1

𝑅2 sin 𝜃2
(16)

By substituting Equation (16) into Equation (15), the force P can
be rewritten as follows:

𝑃 =
2𝑘𝑡1𝜃1 + 2𝑘𝑡2𝜃2𝑅1 sin 𝜃1∕𝑅2 sin 𝜃2

𝑅1 cos 𝜃1 +𝑅1 sin 𝜃1 cos 𝜃2∕ sin 𝜃2
(17)

Using the geometric relation, the displacement of the slider along
the y-axis is

𝑑 = 𝑅1 sin 𝜃1 + 𝑅2 sin 𝜃2 (18)

Accordingly, Equations (16–18) are integrated to formulate
the complete analytical load–displacement relationship of the
PSM. Its effective axial stiffness is analytically derived as
Kp = 2P/d—where P denotes the applied compressive force
and d represents the symmetric lateral deflection of the
central node—confirming linear elastic behavior within the
design range. The PRBM simplifies the complex compliant
PSM by representing distributed flexure compliance as dis-
crete torsional springs, reducing the system to a kinemati-
cally determinate rigid-link mechanism. This enables efficient
closed-form force–displacement derivation via virtual work
(Equations (11–18)). Prediction accuracy is validated against geo-
metrically nonlinear FEA: the torsional spring stiffness is cali-
brated to minimize error, yielding sub-3% agreement in stiffness
across the design range, as confirmed by the overlapping analyt-
ical and FEA curves in Figure 4c.

As shown in Figure 4c, the simulated and analytical force-
displacement curves exhibit excellent agreement, validating the
linearity assumption and confirming compliance with the fun-
damental requirement for constant-force mechanism design: a
well-defined, predictable positive stiffness baseline.

The zero-stiffness matching protocol proceeds as follows: (i) The
negative stiffness magnitude Kn of each NSM is extracted from its
validated elliptic-integral-based model, ensuring fidelity to geo-
metric nonlinearity and buckling physics; (ii) Per the stiffness
cancellation principle, the target positive stiffness is set identi-
cally: Kp = |Kn|; (iii) PSM structural parameters including beam
length, thickness, and width, are systematically optimized via
parametric sweep to achieve Kp = 0.85 N/mm (for NSM-1 match-
ing) and Kp = 0.82 N/mm (for NSM-2 matching), respectively,
while maintaining monotonic linearity and avoiding premature
yielding. This workflow yields the final dimensional specifica-
tions for both the PSM and NSMs. For the discrete CFCM, stiff-
ness cancellation is enforced separately in each state via mechan-
ical switching: State I (PSM+NSM-1): 𝐾𝑝 is tuned to ∣ 𝐾𝑛1 ∣=
0.85 N∕mm over 𝛿 ∈ [1.2, 5.0]mm. State II (PSM+NSM-2): 𝐾𝑝

is adjusted to ∣ 𝐾𝑛2 ∣= 0.82 N∕mm over 𝛿 ∈ [3.2, 10.5]mm. The
transition bar and pin ensure only one NSM contributes negative
stiffness at a time, maintaining precise cancellation within each
plateau (Figure 5).

FIGURE 5 | Relationship between the force and displacement of the
CFM.

Finite element analysis (FEA) was conducted to quantitatively
evaluate the mechanical performance of the discrete CFCM
under quasi-static loading. The finite element analysis employed
a geometrically nonlinear quasi-static formulation suitable for
large deflections and buckling. Solutions were obtained using
an iterative Newton-type solver with automatic stabilization to
handle potential instabilities in the post-buckling regime. Mesh
refinement studies ensured solution convergence; element sizes
were chosen to resolve beam bending and buckling modes ade-
quately, and results were checked against analytical models for
consistency.

The structure was modeled using isotropic PLA with an elas-
tic modulus of 3.0 GPa and Poisson’s ratio of 0.33, consis-
tent with experimental material characterization. Two distinct
operational configurations—State I (PSM∥NSM-1) and State II
(PSM∥NSM-2)—were simulated under displacement-controlled
compression. As shown in Figure 5, the FEA results confirm two
well-defined constant-force plateaus: in State I, a near-constant
output force of 4.0 N is sustained over the deformation inter-
val [1.2–5.0] mm; in State II, a higher plateau of 9.4 N is main-
tained across [3.2–10.5] mm. Critically, both plateaus exhibit
zero-stiffness behavior—thereby validating the two-segment
constant-force design concept and its targeted force magnitudes.

3 | Design of Continuous Two-Segment CFM

The working principle of the continuous two-segment CFCM
is based on the parallel integration of a linear Positive Stiffness
Module (PSM) and a two-level Negative Stiffness Module (NSM).
The total output force is the superposition of forces from both
modules:

𝐹total(𝛿) = 𝐹𝑝(𝛿) + 𝐹𝑛(𝛿) (19)

where 𝐹𝑝(𝛿) is the force from the PSM, and 𝐹𝑛(𝛿) is the force
from the NSM at displacement 𝛿. The condition for achieving a
constant-force (zero-stiffness) region is that the derivative of the
total force with respect to displacement is zero:

dFtatal

d𝛿
= 𝐾𝑝 +𝐾𝑛 ≈ 0 (20)
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FIGURE 6 | Concept of continuous two-segment CFM.

Here, 𝐾𝑝 is the constant positive stiffness of the PSM, and 𝐾𝑛 is
the negative stiffness of the NSM. The design goal is to engineer
the NSM so that it exhibits two consecutive, non-overlapping dis-
placement intervals where its negative stiffness is approximately
constant and equal in magnitude to 𝐾𝑝, that is, 𝐾𝑛 ≈ −𝐾𝑝, for
𝛿 ∈

[
𝛿𝑎1, 𝛿𝑏1

]
and 𝛿 ∈

[
𝛿𝑎2, 𝛿𝑏2

]
.

The state transitions in the discrete CFCMs described previ-
ously rely on mechanical reconfiguration involving auxiliary
components—resulting in inherently discontinuous force out-
put between segments. To enable seamless, continuous-force
regulation across two distinct plateaus within a single mono-
tonic displacement sweep, we propose a continuous two-segment
CFCM architecture, illustrated in Figure 6. Its design adheres
to three rigorously defined conditions: (I) The negative-stiffness
module (NSM) must generate two consecutive, non-overlapping
negative-stiffness intervals in its native load–deflection response;
(II) The magnitudes of negative stiffness in both intervals must
be identical (|Kn1|= |K n2|);(III) The positive-stiffness module
(PSM) must exhibit a linear stiffness Kp precisely equal to
this common negative-stiffness magnitude—ensuring complete
dF/d𝛿≈0 cancellation in both segments upon parallel integration.

To realize Condition (I), we synthesize a monolithic NSM
by connecting NSM-1 and NSM-2 in series. As shown in
Figure 7a, this arrangement sequences their buckling events:
NSM-1 activates first, followed by NSM-2, yielding two adja-
cent negative-stiffness branches. FEA confirms this dual-branch
behavior (Figure 7d). However, the raw slopes reveal a mis-
match: Kn1 =−0.74 N/mm and Kn2 =−1.02 N/mm—violating
Condition (II) by 38%. To rectify this, we redesign NSM-2 as
a hybrid structure: a trapezoidal flexure beam—engineered to
provide +0.34 N/mm positive stiffness—is integrated in paral-
lel with the original bistable element (Figure 7b). This pas-
sive compensation scheme offsets the excess negative stiffness.
Post-compensation FEA (Figure 7e) validates the correction,
showing near-identical slopes (−0.68 N/mm vs. −0.74 N/mm)
and contiguous zero-stiffness intervals. Finally, the PSM is
parameterized to deliver Kp = 0.71 N/mm, satisfying Condition
(III). The adjustment follows parallel stiffness superposition:
𝐾𝑛2,adj = 𝐾𝑛2,raw +𝐾𝑐 , where 𝐾𝑐 is the compensation flexure’s
stiffness. With, 𝐾𝑐 ≈ 0.34 N∕mm, matching 𝐾𝑛1 ≈ −0.74 N∕mm
and satisfying Condition (II). Thus, the series connection of
NSM-1 and NSM-2 sequences their buckling events to produce
two consecutive negative-stiffness intervals, while the parallel

trapezoidal flexure passively compensates NSM-2’s slope to
match NSM-1’s magnitude, enabling uniform cancellation with
the PSM’s 𝐾𝑝 in both regions (Figure 7e).

The continuous two-segment CFM is realized by integrat-
ing the linear positive-stiffness module (PSM)—comprising
four parallel flexure beams—with the compensated two-level
negative-stiffness module (NSM) described in Section 4, as shown
in Figure 8a. To experimentally validate the design, a monolithic
prototype was fabricated from PLA via fused deposition model-
ing (FDM). The monolithic prototypes were fabricated from PLA
material using 3D printing with standard process parameters to
validate the design concept. The experimental setup (Figure 8b)
employs a voice-coil actuator for displacement-controlled load-
ing, a calibrated grating displacement sensor, and a precision
force transducer (model: Kistler 9217A). Raw force and dis-
placement signals were sampled synchronously at 1 kHz. Data
were filtered with a 10 Hz low-pass moving average to atten-
uate high-frequency noise while preserving quasi-static trends.
For each constant-force region, three repeated loading cycles
were averaged to compute mean force ± standard deviation; the
reported force variation (< 5%) is the maximum relative standard
deviation across each plateau’s displacement range.

Experimental results show excellent agreement with FEA
predictions. Two distinct zero-stiffness regions—defined as
intervals—are consistently observed: Region I spans [1.2–5.6]
mm with a mean output force of 4.0 N; Region II extends
over [12.2–15.1] mm at 20.0 N. Critically, the transition
between regions occurs smoothly without force discontinu-
ity or snap-through instability, confirming the efficacy of the
series-connected, stiffness-compensated NSM architecture.
These results conclusively demonstrate that parallel integration
of a matched PSM and a two-level NSM enables robust realization
of a continuous two-segment constant-force mechanism.

The stability of the designed constant-force compliant mecha-
nism (CFCM) is fundamentally rooted in exploiting the buck-
ling stability of bistable beams to create a controllable negative
stiffness region, which, when paralleled with positive stiffness,
yields zero stiffness. From a structural mechanics perspective,
this zero-stiffness characteristic corresponds to a plateau in the
system’s total potential energy function, indicating a state of neu-
tral equilibrium.

For a conservative system, the stability of an equilibrium is
determined by the second derivative of the total potential
energy,

∏
total, with respect to the generalized displacement, 𝛿:

if 𝜕2 ∏
total ∕𝜕𝛿2 > 0, the equilibrium is stable (positive stiffness);

if < 0, it is unstable (negative stiffness); and if ≈ 0, it is neutrally
stable (zero stiffness). In our mechanism,

∏
total(𝛿) is the sum of

the potential energies of the positive stiffness module (PSM) and
the negative stiffness module (NSM):

∏
total(𝛿) =

∏
𝑝(𝛿) +

∏
𝑛(𝛿).

The output force is 𝐹 = −𝜕
∏

total ∕𝜕𝛿, and the effective stiffness
is 𝐾 = 𝜕2 ∏

total ∕𝜕𝛿2.

4 | Conclusions

This paper presents a framework for designing two-segment
constant-force compliant mechanisms (CFCMs) through
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FIGURE 7 | Design of negative-stiffness compliant mechanism with two-segment negative-stiffness regions. (a) Initial design concept. (b) 2nd
negative stiffness structure after compensation. (c) Two-level negative stiffness structure. (d) Stiffness of three kinds of negative structure. (e)
Force–displacement curve of two-level negative stiffness structure.

stiffness-domain synthesis. Two distinct architectural strategies
are proposed and comparatively evaluated: (i) Discrete-switching
CFCM: A mechanically reconfigurable architecture that tog-
gles between two independent PSM–NSM pairs to generate
two sequential zero-stiffness regions within a shared dis-
placement range. While enabling distinct force plateaus,
its state transitions necessitate auxiliary components. (ii)
Continuous-integration CFCM: A monolithic, transition-free
architecture integrating a linear PSM with a series-compensated
two-level NSM—engineered to produce two consecutive,
stiffness-matched negative-stiffness intervals. This design
achieves seamless, continuous-force regulation without mechan-
ical switching or external actuation.

Both FEA simulations and experimental validation confirm
the feasibility of the design concepts. For practical deploy-
ment, optimal CFCM performance requires maximizing plateau
width while constraining force ripple of nominal output. Future
work will address these objectives through topology-optimized
PSM/NSM co-design and nonlinear parameter sensitivity anal-
ysis. Additionally, the extension of this stiffness-synthesis
paradigm to spatial (3D) compliant mechanisms—enabling
multi-axis constant-force delivery—is identified as a critical
next-step research direction.

The discrete CFCM’s switching is validated here under
quasi-static assumptions appropriate for slow reconfigura-
tion. For applications requiring rapid switching, future work

could extend the energy formulation to include kinetic energy
and solve Lagrange’s equations of motion, incorporating con-
tact models for pin/interface dynamics. This would analyze
transient forces and settling behavior while leveraging the
static compliance models developed in this work. The present
work validates the two-segment CFCM design under standard
laboratory conditions. For deployment in applications with
varying environmental conditions, future research should focus
on environmental robustness. The insights gained would be
integral to a reliability-based or robust design optimization
framework, ensuring the constant-force performance is main-
tained against environmental fluctuations, thereby transitioning
the design from a laboratory prototype to a field-ready com-
ponent. Furthermore, advancing the practical deployment of
passive CFCMs requires ensuring their performance robust-
ness against real-world uncertainties. This aligns with the
growing emphasis on reliability-based design and uncertainty
quantification in precision mechanics. While Monte Carlo
simulation is computationally expensive, recent progress in
adaptive surrogate-model-based reliability analysis offers effi-
cient alternatives. Methods such as active learning Kriging and
enhanced simulation techniques coupled with machine learning
enable accurate failure probability prediction and robust design
optimization under variations in material properties, geometric
tolerances, and loading conditions [33–36]. Integrating these
advanced computational frameworks into the CFCM design
process represents a key research direction to formally enhance
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FIGURE 8 | Continuous CFM. (a) Structure of CFM. (b) Experimen-
tal set. (c) Force–displacement curve of the CFM.

the reliability and scalability of passive, sensor-free architectures
like the one presented in this work.
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