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Abstract— Multi-axis force sensors are integral to a wide range of high-tech 
applications, including robotics and machine monitoring. However, a significant 
challenge in their use is the high cross-axis coupling, which detrimentally affects 
measurement accuracy. To address this critical issue, this paper presents a 
comprehensive design method for multi-axis force sensors. This approach utilizes 
compliant parallel mechanisms, effectively decoupling the measured forces on 
multiple axes and enabling precise and independent measurement of each component 
force within the multi-axis system. Focusing on three-axis force sensors as a case 
study, this paper elucidates the proposed design principle. The comprehensive study 
covers system configuration, mechanical design, analytical modeling, numerical 
simulation, prototype development, and experimental evaluation. The resultant 
three-axis force sensor, prior to calibration, exhibits an average coupling error of just 
about 1.5%, underscoring its superior decoupling capability. The design concept and 
methodologies outlined here offer valuable insights for the development of 
self-decoupling multi-axis force sensors, advancing the field significantly.  

 
Index Terms—Three-axis force sensor, Compliant parallel mechanism, Cross-axis decoupling, Mechanism synthesis 

 

 

I.  INTRODUCTION 

ULTI-AXIS force sensors are essential components for 

sensing and providing feedback on force information 

along multiple axes. They possess the capability to 

simultaneously measure forces or torques in two or more 

directions within Cartesian coordinates. These sensors find 

applications across diverse fields, including robotics[1, 2, 3], 

biomedical applications [4, 5, 6], medical devices [7, 8], 

manufacturing [9], automotive [10, 11], aerospace [12], and 

beyond [13]. Given that force is an intensity property that 

cannot be directly measured [14], force sensors typically 

acquire external force information by assessing the deformation 

or displacement of the elastic-sensitive elements within them. 

Consequently, elastic-sensitive elements play a pivotal role in 

multi-axis force sensors, with their design significantly 

influencing key characteristics such as cross-axis coupling, 

 
This work was supported by the National Natural Science Foundation 

of China under 51975108. (Corresponding author: Haiyang Li.) 
Haiyang Li is with the School of Mechanical Engineering, Dalian 

University of Technology, Dalian 116024, China (e-mail: 
haiyang_li@dlut.edu.cn). 

Longteng Yi is with the School of Mechanical Engineering, Dalian 
University of Technology, Dalian 116024, China. 

Chuyang Leng is with the School of Mechanical Engineering, Dalian 
University of Technology, Dalian 116024, China. 

Yahan Zhong is with the School of Mechanical Engineering, Dalian 
University of Technology, Dalian 116024, China. 

Jiaqi Hong is with the School of Mechanics and Aerospace 
Engineering, Dalian University of Technology, Dalian 116024, China. 

Xueguan Song is with the School of Mechanical Engineering, Dalian 
University of Technology, Dalian 116024, China. 

Guangbo Hao is with School of Engineering-Electrical and Electronic 
Engineering, University College Cork, Cork T12 K8AF, Ireland. 

measuring range and sensitivity [15]. 

Leveraging the principles of measuring the deformation or 

displacement of elastic-sensitive elements, multi-axis force 

sensors can be categorized into various types: resistive 

strain-type [16, 17, 18], piezoelectric-type [19, 20], 

capacitive-type [21], and optoelectronic-type [22, 23, 24, 25, 

26]. Presently, the resistive strain-type of multi-axis force 

sensors is the most established and widely employed, thus this 

paper focuses on such type of multi-axis force sensors. In an 

ideal multi-axis force sensor, the signal value for each output 

channel should rely solely on the force or torque applied to that 

specific channel, remaining unaffected by forces or torques on 

other channels. However, factors such as the design of 

elastic-sensitive elements, precision of machining, strain gauge 

bonding techniques, lateral effects of strain gauges, and 

detection approaches may lead to forces or torques applied on 

different measurement channels influencing each other. This 

occurrence is commonly referred to as the cross-axis coupling 

in multi-axis force sensors.  

Typically, a cross-axis coupling exceeding 5% significantly 

impacts the measurement quality of the multi-axis force sensor 

[27]. Hence, decoupling design is essential for multi-axis force 

sensors. The prevalent decoupling approaches for resistive 

strain-type multi-axis force sensors can be categorized into 

three main types: software decoupling, sensor layout 

decoupling, and hardware decoupling. Conventional software 

decoupling methods typically rely on the least squares 

approach to address the decoupling matrix. While this 

technique is conceptually straightforward and suitable for 

online decoupling, it necessitates matrix inversion, rendering it 

vulnerable to ill-conditioned matrices. Even minor disturbances 

in the experimental data can lead to notable changes in the 
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decoupling accuracy [28]. The emergence of artificial 

intelligence has prompted the application of various efficient 

machine learning approaches to address coupling concerns [29, 

30, 31, 32]. Nonetheless, the enhanced complexity of 

decoupling algorithms has somewhat influenced the response 

speed. While sensor layout decoupling can mitigate the 

coupling to a certain extent, it does not provide a fundamental 

solution to the coupling problem [11, 15, 33, 34, 35]. Recently, 

there has been a growing focus on hardware decoupling [36, 37, 

38, 39, 40, 41, 42]. Some researchers have chosen compliant 

mechanisms to replace the traditional elastic-sensitive elements, 

resulting in reduced cross-axis coupling errors and improved 

sensitivity [14, 43]. 

The concept of compliant mechanisms, introduced by Midha 

in the 1990s [44], typically involves rigid modules and flexible 

hinges, which include notched hinges and flexible beams. 

These mechanisms utilize the deformation of flexible hinges to 

transmit motion and force [45]. With the evolution of compliant 

mechanisms, an increasing number of researchers are adopting 

a comprehensive approach involving these mechanisms to 

guide the design of elastic-sensitive elements in multi-axis 

force sensors, intending to enhance sensitivity and mitigate 

cross-axis coupling. For instance, Yang et al. devised position 

and force sensors based on bridge and parallelogram-shaped 

compliant mechanisms, optimizing their sensitivity [46]. Jiang 

et al. developed a dual-range force sensor using a composite 

quadrilateral compliant mechanism, demonstrating high 

sensitivity [47]. Nguyen and Kuo proposed a well-engineered 

spoked structure torque sensor, employing a novel slotted 

spoke-type to develop force-sensing arms with a high 

sensitivity of 1.65 mV/Nm [16]. Simultaneously, leveraging 

the advantages of no friction, no backlash, and high resolution 

in compliant mechanisms [48], Wang et al. introduced a novel 

dual-frame six-axis force sensor. The internal elastic part 

measures Fx, Fy, and Tz, while the external elastic part measures 

Tx, Ty, and Fz, effectively reducing the cross-axis coupling 

effects in multi-axis force sensors [49]. Matich et al. created a 

state-of-the-art force/torque sensor based on the Stewart-Gough 

platform, demonstrating significant linearity and coupling 

errors of less than 2.76% [50]. It is evident that multi-axis force 

sensors incorporating compliant mechanisms as 

elastic-sensitive elements offer advantages in reducing 

cross-axis coupling and enhancing sensitivity. However, 

multi-axis force sensors designed using this approach still face 

challenges relating to relatively high coupling errors and have 

not fundamentally addressed the trade-off between sensitivity 

and measuring range.  

This paper presents a novel design concept for multi-axis 

force sensors through the incorporation of decoupled compliant 

parallel mechanisms. In this innovative design approach, the 

traditional elastic-sensitive element of a multi-axis force sensor 

is substituted with a decoupled compliant parallel mechanism, 

facilitating superior cross-axis decoupling. Furthermore, the 

measuring principle in the new concept is transformed, moving 

away from reliance on the deformation of the decoupled 

compliant parallel mechanism and towards the measurement of 

the forces transformed by the mechanism. This shift in the 

measuring principle not only minimizes cross-axis coupling but 

also mitigates the limitations on the measuring range, thus 

alleviating the mutual constraint between cross-axis coupling 

and measuring range. Consequently, the new measuring 

principle circumvents the trade-offs, enabling enhancements in 

both cross-axis coupling and measuring ranges. This paper 

exemplifies the proposed concept through the design of a 

three-axis force sensor, with the following key contributions: 

▪ Introduction of a new design concept for multi-axis force 

sensors, utilizing self-decoupling compliant parallel 

mechanisms to achieve enhanced cross-axis decoupling. 

Additionally, the new measuring principle also reduces the 

coupling between sensitivity and measuring range.  

▪ Proposition of a three-axis force sensor, accompanied by the 

synthesis, modeling, and experimental testing of the 

associated XYZ compliant parallel mechanism. 

The remaining sections of this paper are organized as follows: 

Section Ⅱ introduces the design approach of a multi-axis 

compliant parallel mechanism with self-decoupling 

functionality. It provides a detailed overview of a design 

synthesis approach for an XYZ compliant parallel mechanism 

based on constrained flow, resulting in multiple sets of 

elastic-sensitive structures with XYZ decoupling functionality. 

In Section Ⅲ, a specific compliant parallel mechanism is 

selected for analytical modeling and finite element simulation 

to obtain the input-output characteristics of the compliant 

parallel mechanism and validate its decoupling performance. 

Section Ⅳ describes the system composition of the three-axis 

force sensor and presents the fabrication of a prototype for 

performance testing. Finally, Section Ⅴ summarizes the 

primary conclusions of this paper and provides insights into 

potential avenues for future research.  

II. DESIGN OF THREE-AXIS FORCE SENSOR  

Based on the proposed design concept of multi-axis force 

sensors, a diagram of the three-axis force sensors is formed as 

shown in Fig. 1. The topological structure of the decoupled 

XYZ compliant parallel mechanisms is depicted on the right 

side of the Fig. 1. It includes three types of rigid modules: input 

rigid module (IRM), output module (ORM), and fixed module 

(FRM), along with two types of compliant modules: decoupling 

compliant module (DCM) and guiding compliant module 

(GCM). The measured three-axis resultant forces are applied to 

the IRM. The three DCMs (X-DCM, Y-DCM, and Z-DCM) 

facilitate the decomposition of the three-axis resultant force 

into three component forces and subsequently transmit these 

component forces to the three ORMs (X-ORM, Y-ORM, and 

Z-ORM). Meanwhile, the GCMs (X-GCM, Y-GCM, and 

Z-GCM) guide the ORMs to move along the directions of the 

component forces, respectively. The component forces 

transmitted by the three ORMs can be measured using three 

single-axis force sensors, such as piezoelectric ceramic 

single-axis force sensors. The outputs of these three single-axis 

force sensors collectively form the outputs of the three-axis 

force sensor. The diagram of the three-axis force sensor signal 

processing system is depicted on the left side of Fig. 1. The 

measured single-axis force signals are transmitted to the 

micro-processor through processes such as signal conditioning 

and signal processing. Ultimately, decoupled three-axis force 

values are obtained, enabling measurement of three-axis forces. 

It can be observed that the design of the compliant parallel 

mechanisms with self-decoupling is the key compared with the 

traditional three-axis force sensors. Therefore, this section
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Fig. 1.  Topological structure of the three-axis force sensor: XYZ 
compliant parallel mechanism and signal processing system (Rigid 
modules are represented by elliptical shapes, while compliant modules 
GCM and DCM are denoted by bold arches. The input force is applied to 
IRM and is indicated by an orange arrow. Pressure sensors X-S, Y-S 
and Z-S are shown in purple circles, measure the contact with 
measurement modules X-ORM, Y-ORM, and Z-ORM, enabling the 
collection of individual force components). 

TABLE I 
DEGREES OF FREEDOM OF THE RIGID MODULES  

Rigid modules X Y Z θX θY θZ 

IRM Yes Yes Yes No No No 

X-ORM Yes No No No No No 
Y-ORM No Yes No No No No 

Z-ORM No No Yes No No No 

FRM No No No No No No 

focuses on the design, especially the synthesis, of the associated 

XYZ compliant parallel mechanisms with self-decoupling 

characteristics (or decoupled XYZ compliant parallel 

mechanisms). 

The design of decoupled XYZ compliant parallel 

mechanisms presents myriad challenges, particularly in the 

synthesis process, which must consider various factors such as 

cross-axis motion and actuation decoupling, actuation isolation, 

compactness, dynamic performance, lightweight construction, 

and compatibility with diverse manufacturing processes [51, 52, 

53, 54, 55]. Numerous studies have focused on synthesizing 

decoupled XYZ compliant parallel mechanisms, resulting in a 

spectrum of design approaches. Notably, the rigid-body 

replacement method [56, 57], freedom, actuation, and 

constraint topologies (FACT) method [58, 59], topology 

optimization-based approach [60, 61, 62, 63, 64, 65], constraint 

and position identification (CPI) approach [66], and 

constraint-flow based method [67] have contributed to the 

production of multiple design alternatives. Among these 

approaches, the constraint-flow based method has 

demonstrated effectiveness in identifying all constraints of 

associated compliant modules to meet design requirements, 

albeit its current application is limited to XYθ compliant 

parallel mechanisms mainly for the applications of motion 

platforms [67]. Therefore, this paper focuses on the synthesis of 

decoupled XYZ compliant parallel mechanisms utilizing the 

constraint-flow based method for the application of three-axis 

force sensors.  

The design process, as depicted in Fig. 2, involves several 

crucial steps, as shown below:  

Step 1: Determine the topology of compliant mechanism. 

With the design objective of creating a three-axis force sensor 

with self-decoupling capabilities, the required mechanism to be  

 
Fig. 2.  A method for synthesizing a decoupled XYZ compliant parallel 
mechanism. 

designed is determined as the XYZ compliant parallel 

mechanism. Select the topology of the compliant mechanism 

based on constraint chain configurations and sensor layout 

strategies. For the same type of compliant mechanism, there 

exist multiple design options for constraint chain configuration. 

For example, designs may involve two compliant modules and 

one rigid module, as depicted in Fig. 1, or they may feature 

three compliant modules and two rigid modules. Therefore, the 

topology of the decoupled XYZ compliant parallel mechanism 

is not unique. All possible topologies form a topology space. 

This paper employs the topology structure depicted in Fig. 1 for 

configuration synthesis. 

Step 2: Formulate and solve the constraint equations to 

obtain the desired constraint combinations that meet the 

specified requirements. According to the motion requirements 

of the rigid modules, the constraint equations for the compliant 

modules are derived. These equations consist of two parts: 

constraint equilibrium equations and initial constraint 

conditions. The former describes the mutual constraints among 

modules within the mechanism, which is characterized by the 

equivalence of the constraints in the rigid modules to those 

originating from the base and subsequently modulated through 

the compliant modules, as illustrated in Fig. 3. The latter 

specifies the specific requirements that the compliant 

mechanism must satisfy. By substituting the initial constraint 

conditions and solving the constraint equilibrium equations, 

permissible constraint combinations that meet the requirements 

are obtained. 

Step 3: Based on the given permissible constraints, 

determine the structure of the compliant modules. Utilizing the 

design methods emphasized in the preceding text, we can 

obtain the permissible structures for the compliant modules. 

Given the constraints, the compliant modules can manifest 

various structural forms, as depicted in Fig. 4, thereby forming 

a structural space. Within this space, the desired structure for the 
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Fig. 3  Constraints transmitted from the ground to each rigid module: (a) Constraints transmitted from the ground to IRM, (b) Constraints transmitted 
from the ground to X-ORM, (c) Constraints transmitted from the ground to Y-ORM, and (d) Constraints transmitted from the ground to Z-ORM.  

 
TABLE Ⅱ  

INITIAL VALUES OF THE CONSTRAINTS ON THE COMPLIANT MODULES.  

Compliant 

modules 
u v w α β γ 

ℒX-GCM ux-gcm=0 vx-gcm wx-gcm αx-gcm βx-gcm γx-gcm 

ℒX-DCM ux-dcm vx-dcm=0 wx-dcm=0 αx-dcm βx-dcm γx-dcm 

ℒY-GCM uy-gcm vy-gcm=0 wy-gcm αy-gcm βy-gcm γy-gcm 

ℒY-DCM uy-dcm=0 vy-dcm wy-dcm=0 αy-dcm βy-dcm γy-dcm 

ℒZ-GCM uz-gcm vz-gcm wz-gcm=0 αz-gcm βz-gcm γz-gcm 

ℒZ-DCM uz-dcm=0 vz-dcm=0 wz-dcm αz-dcm βz-dcm γz-dcm 

 

compliant modules can be selected as needed. 

Step 4: Going ahead with the design of the rigid modules. 

This design stage primarily focuses on determining the number 

of rigid modules, their topological positions, and the 

mechanical interfaces required for the sensors. 

Step 5: Determine the specific positioning of the compliant 

modules. The spatial orientation of the compliant modules can 

be determined by the solutions of the constraint equations, but 

the specific positions are not defined. The set of multiple 

feasible locations constitutes the position space. Factors like 

manufacturability, spatial efficiency, and aesthetic appeal guide 

the final positioning of these modules. 

Step 6: Synthesize the overall structure. Based on the 

determined number, structure, and positioning of the rigid and 

compliant modules, integrate them on the basis of the 

topological structure to obtain the desired XYZ compliant 

parallel decoupling mechanism, as illustrated in Fig. 5. 

Step 7: Validate the design to ensure compliance with the 

design requirements. If the design fails to meet the specified 

evaluation criteria, the following approaches can be employed 

for redesign: (a) Select alternative compliant module 

positioning schemes from the position space in step 5 that meet 

the requirements; (b) Choose different permissible compliant 

module structures in step 3; (c) Select the remaining solutions 

of the constraint equations in step 2 to obtain new compliant 

constraint combinations that meet the requirements; (d) Choose 

new topological constraint schemes from the constraint space 

in step 1 and redesign the topological structure. 

Based on the movement characteristics of the 

aforementioned rigid modules, their motilities are outlined in 

Table Ⅰ. The degrees of freedom for the rigid modules depend 

on the constraints applied to them, and all constraints originate 

from the ground. For instance, the constraints applied to the 

FRM directly originate from the ground, as the FRM is directly 

fixed to the ground. On the other hand, the constraints applied 

to the IRM are indirectly transmitted through three flexible 

linkages, and these constraints are transmitted to different rigid 

modules through different paths, forming multiple constraint 

flows. The constraint transmissions related to the IRM, 

X-ORM, Y-ORM, and Z-ORM are illustrated in Fig. 3. 

The constraints for the compliant modules and rigid modules 

are defined as vector ℒ represented as in (1). 

ℒ = { u, v, w, α, β, γ }T (1) 

where u, v, w, α, β, and γ represent the stiffness of movement 

and rotation along the X, Y, and Z axes for compliant modules 

or the degrees of freedom for rigid modules. In this paper, each 

element in vector ℒ has two forms: “0” and “1”. “0” indicates 

relatively small stiffness, representing freedom, while “1” 

indicates relatively large stiffness, representing constraint. 

It can be observed from Fig. 3 that the constraint 

transmission in this paper employs both series and parallel 

connections. Series connections are represented by the symbol 

“∩”, while parallel connections are denoted by the symbol “∪”, 

and their operational rules are defined by (2) and (3) [67].  

 (2) 
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Fig. 4  Structures of the compliant modules: (a) X-GCM, Y-GCM, and Z-GCM in Case 1, (b) X-DCM, Y-DCM, and Z-DCM in Cases 1 and 2, (c) 
X-GCM, Y-GCM, and Z-GCM in Case 2 ( Tx, Ty, Tz, Rx, Ry and Rz represent translations and rotations along/about the X, Y and Z-axes, and they are 
indicated by motion signs. The motion signs in red mean the associated motion is constrained, otherwise the motion is not constrained ). 

 
Fig. 5  Two asymmetric XYZ compliant parallel mechanisms: (a) Asymmetric design for Case-1, and (b) Asymmetric design for Case-2 ( X-GCM and 
X-DCM are shown in green, Y-GCM and Y-DCM are shown in red, Z-GCM and Z-DCM are shown in blue, IRM is shown in orange, FRM is shown in 
grey). 

 

 (3) 

In (3), the function  is defined as shown in (4). 

 (4) 

Based on the topological diagram in Fig. 1 and the above 

definitions, let the constraints for the GCM and DCM 

compliant modules be denoted as ℒX-GCM, ℒX-DCM, ℒY-GCM, 

ℒY-DCM, ℒZ-GCM, and ℒZ-DCM as shown in (5) [67]. 

 (5) 

The relationship between the degrees of freedom for rigid 

modules and the constraints for the compliant modules can be 

derived from Fig. 3, as shown in (6) to (9). 

 (6) 

 
(7) 

 
(8) 

 (9) 

where ℒX-ORM, ℒY-ORM, ℒZ-ORM, and ℒIRM represent the desired 

constraints for the rigid modules X-ORM, Y-ORM, Z-ORM, 

and IRM, respectively. According to Table Ⅰ, the numerical 

values for ℒX-ORM, ℒY-ORM, ℒZ-ORM, and ℒIRM can be obtained as 

shown in (10). 

 (10) 

From Fig. 3(a), it is evident that the flexible chain where the 

X-ORM is located should have degrees of freedom for 

translation along the X-axis. Therefore, it can be deduced that 

the X-GCM compliant module has freedom of translation along 

the X-axis. Additionally, considering the motion of the IRM, 

the X-DCM compliant module should have degrees of freedom 

for translation along the Y and Z axes. Similarly, we can deduce 

the initial freedom values for Y-GCM, Y-DCM, Z-GCM, and 

Z-DCM, as shown in Table Ⅱ.  

Substituting these initial values into (5) and combining them 

with (6) to (10), we obtain 24 equations with 27 variables (each 

variable taking values of “0” or “1”, representing freedom and 

constraint, respectively). Clearly, this is an indeterminate 

equation with multiple solutions. In this paper, we select two 

sets of solutions as examples, as shown in (11). 
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 (11-2) 

The compliant modules synthesized from the constraint 

combinations shown in (11-1) and (11-2) are illustrated in Fig. 

4. The two assembled XYZ compliant parallel mechanisms are 

depicted in Fig. 5(a) and Fig. 5(b). In the following sections, the 

XYZ compliant parallel mechanism shown in Fig. 5(a) (also 

proposed by Awtar in 2013 [68]) will be selected for 

kinetostatic modeling due to its relatively simple structure. 

Validation will be conducted through finite element simulations, 

followed by the fabrication and testing of a prototype three-axis 

force sensor based on this elastic-compliant element. 

III. ANALYTICAL AND NUMERICAL MODELING  

This section provides an in-depth exploration of the 

theoretical analysis and simulation of the XYZ compliant 

parallel mechanism depicted in Fig. 5(a). An analytical 

modeling of the XYZ compliant parallel mechanism is 

conducted using the matrix displacement approach based on 

node force equilibrium equations [69] to validate the 

decoupling characteristics of the three-axis force sensor. 

Subsequently, finite element simulations are performed using 

the software COMSOL5.3. The finite element simulation 

results include the analysis of the output displacement-input 

force relationship and the output force-input force relationship 

of the three-axis force sensor. In theoretical and numerical 

modeling, the XYZ compliant parallel mechanism adhere to the 

fundamental assumptions of material mechanics such as 

continuum assumption, linear elasticity assumption and small 

deformation assumption. These results are then compared with 

the static analytical model to validate the analytical model. 

A. Analytical Modeling  

The matrix displacement method based on node force 

equilibrium equations combines the matrix displacement 

method with the transfer matrix method. It utilizes structural 

displacement as the fundamental variable, employs matrices for 

analysis, and utilizes computers to solve various rod system 

structures' stress and deformation calculations. The essential 

steps in theoretical modeling for XYZ compliant parallel 

mechanisms, based on the matrix displacement method, 

primarily encompass four major stages: (a) Discretization of 

the structure: The compliant mechanism is discretized into 

compliant elements and concentrated masses, interconnected 

by nodes. The compliant elements represent deformable bodies, 

while the concentrated masses are approximated as rigid bodies. 

Subsequently, the elements and the nodes connecting them are 

numbered to facilitate analysis; (b) Elemental analysis: Define 

the local coordinate system and reference coordinate system of 

the compliant element. Then calculate the stiffness matrix of 

the compliant element in the local coordinate system; (c) 

Coordinate transformation: Convert the stiffness matrix of the 

compliant element, node displacements, and node forces to the 

same reference coordinate system, thereby solving for the 

stiffness matrix of the element in the reference coordinate   

 
Fig. 6  Discretization of the structure of the compliant elements. 

 
Fig. 7  Local coordinate system and reference coordinate system of Si, 
along with actuation forces/torques and displacement responses. 

 

system; (d) Overall analysis: Sequentially select each node as 

the focus of study, formulate the force balance equation, and 

partition the node forces and node displacements for solution, 

resulting in the determination of the force decoupling 

measurement model for the XYZ compliant parallel mechanism. 

The XYZ compliant parallel mechanism is discretized into 

several rigid bodies and flexible beam elements, as illustrated 

in Fig. 6. The rigid bodies are labeled as b1, b2…, b8, while the 

flexible beam elements are labeled as s1, s2…,s18. The two end 

nodes of si are defined as ji and ki, and local coordinate systems 

{ji} and {ki} are established at these nodes. The {O} represents 

the reference coordinate system. 

Taking si as the research object, as shown in Fig. 7, its nodes 

ji and ki experience force and produce displacement responses, 

represented by vectors as shown in (12) and (13). 

 (12) 

 (13) 

In the equations,  represents the force along the X-axis 

acting on node ji of si,  represents the moment around the 

X-axis at node ji of si,  represents the translational 

displacement along the X-axis at node ji of si, and  

represents the angular displacement around the x-axis at node ji 

of si and so on. The nodal force fi and nodal displacement di 

satisfy (14). 

 (14) 
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where Kbeam-i is the stiffness matrix for the unit si, and its matrix 

elements are given by Li in 2022 [67]. 

The flexible beams are all linked to rigid bodies. Therefore, 

the nodes ji and ki of si are relocated to the centroids Ji and Ki of 

the corresponding rigid bodies, forming extended flexible 

beams Si, where the rigid bodies are treated as concentrated 

masses. Subsequently, the extended stiffness matrix in the local 

coordinate system is transformed into the reference coordinate 

system. In Fig. 7, the origins of the centroidal coordinate 

systems {Ji} and {Ki} related to si have coordinates in the local 

coordinate system as (xij, yij, zij) and (xik, yik, zik), respectively. 

The reference coordinate system for the compliant structure is 

represented as {Osub}.The relationship between the driving 

loads Fi and the node displacement responses Di of Si in the 

reference coordinate system {O} is given by: 

 (15) 

where Ti and Ri represent the coordinate translation matrix and 

rotation matrix, respectively, defined as in (16) and (17). In this 

context, Fi and Di correspond to the loads and displacements 

applied at the centroids of the rigid bodies, respectively. 

 (16) 

 (17) 

The symbols  and  denote the coordinate translation 

matrices from coordinate systems {ji} to {Ji} and from {ki} to 

{Ki}, respectively. Their values are given by (18) and (19). The 

matrices  and  represent the rotation matrices from 

coordinate systems {ji} and {ki} to the reference coordinate 

system {O}, and are specifically expressed as in (20) and (21). 

 (18) 

 (19) 

 (20) 

 (21) 

In the equation,  represents the angle between the local 

coordinate system {ji} x-axis and the reference coordinate 

system {O} x-axis, and similarly for the other terms. Given the 

above, the stiffness matrix Ki for si in the reference coordinate 

system is:  

 (22) 

The coordinates of the centroids of the rigid bodies connected  

TABLE Ⅲ  

THE CENTER OF MASS COORDINATES OF THE RIGID BODY CONNECTING THE 

TWO END NODES OF THE FLEXIBLE BEAM ELEMENT IN THE LOCAL 

COORDINATE SYSTEM. 

 s1, s13, s17, s4, s6, s16, s7, s9, s11 s2, s14, s18, s3 ,s5, s15, s8, s10, s12 

xij − 0.005 − 0.005 

yij 0.005 − 0.005 

zij 0 0 
xik 0.005 0.005 

yik 0.005 − 0.005 

zik 0 0 

TABLE Ⅳ  

THE ANGLE BETWEEN THE LOCAL COORDINATE SYSTEM AND THE 

REFERENCE COORDINATE SYSTEM OF THE FLEXIBLE ELEMENT. 

 
s1, s2, s13 

s14, s17, s18 

s3, s4, s5 

s6, s15, s16 

s7, s8, s9 

s10, s11, s12 

<xi
j/k,x> 0 π/2 π/2 

<xi
j/k,y> π/2 0 π/2 

<xi
j/k,z> π/2 π/2 π 

<yi
j/k,x> π/2 π/2 0 

<yi
j/k,y> π π/2 π/2 

<yi
j/k,z> π/2 0 π/2 

<zi
j/k,x> π/2 0 π/2 

<zi
j/k,y> π/2 π/2 π 

<zi
j/k,z> π π/2 π/2 

coordinate system are shown in Table Ⅲ. The angles between 

the local coordinate system of the flexible beams and the 

reference coordinate system are presented in Table Ⅳ. Let's 

partition the node forces and node displacements, resulting in: 

 (23) 

where Fi,j and Fi,k represent the node forces at the Ji and Ki 

nodes of Si, respectively. Di,J and Di,K represent the 

displacements at the Ji and Ki nodes of Si, respectively. Ki,1, Ki,2, 

Ki,3, and Ki,4 are the block matrices of the stiffness matrix Ki of 

Si in the reference coordinate system. Formulate the node force 

equilibrium equations: 

 (24) 

In the equation, N represents the total number of flexible 

beams connected to bn, and ζn is the external force acting on the 

nth node. Sequentially selecting each node of the compliant 

structure as the subject of study, formulate the system of 

equations: 

 (25) 

where ζn is the input force at node n, and ξn is the nodal 

displacement at node n. The matrix elements Гi take values as 

defined in (26). 

 (26) 
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In the elastic-compliant element, the rigid body b1 is used to 

measure the external force Fext and satisfies (27). 

 (27) 

where the Text in the equation is the transformation matrix that 

converts the external force to the centroid of the rigid body, and 

its values are as follows: 

 (28) 

Rigid bodies b3, b8, and b6 are rigidly attached to pressure 

sensors, measuring forces in the x, y, and z directions, 

respectively. Therefore: 

 (29) 

 (30) 

 (31) 

where Fmea represents the measured force, and Fx, Fy, Fz 

respectively denote the unidirectionally decoupled forces 

sensed by the pressure sensors at b3, b8, and b6.  

Substituting (27) to (31) into (25) and solving the resulting 

system of equations, we obtain the force-decoupling 

measurement model: 

 (29) 

B. Finite Element Analysis  

To validate the analytical model for the XYZ compliant 

parallel mechanism, finite element simulations are conducted in 

this study. The geometric dimensions are illustrated in Fig. 11(a) 

and summarized in Table Ⅴ. The material chosen for the 

simulations is aluminum alloy 7075, with a Young's modulus E 

of 71.7GPa, and a Poisson's ratio μ of 0.3. To mitigate the 

influence of the base on the deformation of the elastic module 

and the movement of the rigid module, the loading range for the 

finite element simulation model is set from 0 to 1000 g. The 

commercial software COMSOL5.3 was employed with a 

10-node tetrahedral mesh, using default refinement parameters 

(maximum element size of 3.6 mm, minimum of 0.262 mm, 

maximum element growth rate of 1.4, curvature factor of 0.4, 

and resolution in narrow regions set to 0.7). The XYZ 

compliant parallel mechanism comprises parallelogram 

mechanisms, which exhibit high linearity, allowing the overall 

mechanism to be considered linear. In the FEM analysis, a 

linear elastic material under static load was selected for 

simulation. The results obtained with a linear solver closely 

matched those from a nonlinear solver. To expedite simulation 

time, the PARDISO solver was employed. The specific finite 

element simulation process is illustrated in Fig. 8.  

The input-output relationship curve of the three-axis force 

sensor is shown in Fig. 9. From Fig. 9, it can be observed that: 

(1) the results of finite element analysis and the analytical 

model of input-output curves are matched well, with an average 

difference of around 0.1%; (2) as the input force along the X-axis 

gradually increases, the output force of the X-ORM shows 

growth with high linearity; (3) when only an external force is 

applied in the X direction, the output forces measured by the Y-  

 
Fig. 8  A flowchart for finite element numerical analysis of the 
input-output force relationship in elastic compliant elements. 
 

 
Fig. 9  Curves depicting the variations of the output forces from X-ORM, 
Y-ORM, and Z-ORM in response to the transformation of the input force 
along the X-axis of IRM.  

ORM and Z-ORM are relatively low, and the maximum 

cross-axis coupling error is 1.8%, indicating minimal coupling 

influence. These results demonstrate that the proposed XYZ 

compliant parallel mechanism can effectively decompose 

spatial three-axis forces into orthogonal single forces along 

three directions, achieving excellent decoupling performance.  

IV. EXPERIMENTAL TESTING 

In this section, based on the designed XYZ compliant 

parallel mechanism discussed earlier, the system design of the 

three-axis force sensor is completed. A prototype experimental 

setup of the three-axis force sensor is established to further 

validate the correctness of the theoretical models (finite 

element model and analysis model) and the decoupling 

characteristics of the three-axis force sensor.

Post-Process 

• Data set: The expression for the reactive force acting on module X in the 

X-direction is denoted as solid.RFx. 

• Curve drawing: To plot the curve, use Origin plotting software. 

Loading 

• Loading position: Input module (IRM). 

• Loading type: Three-dimensional forces in space are decomposed into 

components along the X-axis (Fx), Y-axis (Fy), and Z-axis (Fz). The units are in 

Weight (g). 

Solving 

• Research type: Steady-state study. 

• Stationary Solver: PARDISO (Linear Solver). 

• Parametric scan: The scanning range for Fx is from 0 g to 1000 g, with a step 

size of 500 g. Fy and Fz value is 0 g. 

Meshing 

• Mesh type: 10-node tetrahedral meshing. 

• Element size: Refined mesh, with grid elements ranging from a maximum of 

3.6 mm to a minimum of 0.262 mm, exhibits a maximum element growth rate 

of 1.4. The curvature factor is set at 0.4, while the resolution in narrow areas is 

0.7. 

Material Selecting 
• Linear elastic material: Selected. 
• Material parameters: Al 7075, E=71.7(GPa), ρ=2810(kg/m

3
), v=0.33. 

Constraints 
• Fixed constraint: Measurement module (X-ORM, Y-ORM, Z-ORM) 

and fixed module (FRM ). 
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Fig. 10  Structure of the three-axis force sensor. 

 
Fig. 11  Dimensions of the parts of the three-axis force sensor: (a) XYZ 
compliant parallel mechanism, (b) Base. 
 

TABLE Ⅴ  

GEOMETRIC DIMENSIONS OF THE DESIGN SHOWN IN FIG. 11. 

Parameter Value Parameter Value Parameter Value 

l1 60 mm d6 5 mm h3 46 mm 

d1 10 mm d7 25.5 mm p1 16 mm 

d2 0.5 mm d8 25 mm p2 10 mm 
d3 24 mm d9 12.7 mm p3 15 mm 

d4 5.5 mm h1 4 mm   

d5 5 mm h2 66 mm   

As illustrated in Fig. 10, the three-axis force sensor is 

primarily comprised of three main components: the XYZ 

compliant parallel mechanism, unidirectional force 

measurement units, and the base. The structure of the XYZ 

compliant parallel mechanism includes rigid modules (FRM, 

ORM, and IRM ) and the compliant modules (GCM and DCM ). 

The FRM is securely attached to the base, providing support for 

the entire XYZ compliant parallel mechanism. The IRM 

receives spatial three-axis forces, and the X-ORM, Y-ORM, 

and Z-ORM, in contact with the pressure sensors of the 

unidirectional force measurement units, measure the various 

components of spatial three-axis forces. The unidirectional 

force measurement unit is composed of pressure sensors, 

clamping plates, and support plates. The clamping plates on 

both sides are affixed to the base and interconnected through 

the support plate. Pressure sensors apply pre-tightening force 

via bolts on both sides of the clamping plates, securing them at 

the flanks of ORMs of the XYZ compliant parallel mechanism. 

The base is utilized to support and fix both the XYZ compliant 

parallel mechanism and unidirectional force measurement units. 

On one hand, it provides constraints from the ground to the 

XYZ compliant parallel mechanism, and on the other hand, it 

serves to fix the pressure sensor for easy collection of the 

decomposed uniaxial forces. This arrangement facilitates the 

measurement of spatial three- axis force components 

transmitted to the measurement module. 

Taking the X-direction measurement as an example, when 

the IRM experiences spatial three-axis forces, the XYZ 

compliant parallel mechanism transmits the X-direction force 

component to the X-ORM, resulting in an increase (or decrease) 

in the pre-tightening force at both ends of the ORM. The 

difference in pre-tightening force transformation is then 

calculated to determine the component of the spatial vector 

force in the X-direction. 

The key part of the design, shown in Fig. 11, has been 

manufactured mainly using wire electrical discharge machining. 

The prototype experimental setup for the three-axis force 

sensor, constructed based on the topological diagram in Fig. 1, 

is illustrated in Fig. 12. This apparatus utilizes a combination of 

weights with a resolution of 10g and a maximum range of 1.8kg 

to provide input forces. The pressure sensor employed for 

measuring output forces (HZC-MH1, from Chengying Sensor) 

features a sensitivity of 1.5±0.2 mv/V, a maximum range of 5 

kg, an overall accuracy of 0.5% F·S, a nonlinearity precision of 

±0.5% F·S, repeatability error of ±0.5% F·S, and hysteresis 

error of ±0.5% F·S. The sensor's overall dimensions are a 

diameter of 10 mm and a thickness of 3 mm. The output signals 

from the pressure sensor are transmitted through a signal 

amplifier (LZ-740, from Lizhun Sensor) to a semi-physical 

simulation machine (WIPC-710, from Huachuang Instrument 

Technology), ultimately displayed and stored on a computer. 

By analyzing the relationship between input forces and 

output forces under external forces in different directions, the 

decoupling characteristics of the three-axis force sensor are 

examined. Fig. 13(a) illustrates the measurement results of the 

X-ORM obtained from finite element simulations, analytical 

modeling, and experimental testing under external forces along 

the X-axis. Similarly, Figures 13(b) and (c) show the 

measurement results under external forces along the Y-axis and 

Z-axis, respectively. It can be observed that, in the dimension of 

the applied input force, the experimental input-output force 

curves of the three-axis force sensor exhibit a high parallelism 

with the analytical model result curves, both increasing 

approximately at a 45-degree angle with the growing input 

force. The outputs in other directions fluctuate below 20g, 

indicating a relatively small cross-axis coupling effect from the 

input force dimension. Figures 13(d), (e), and (f) show the 

coupling errors in each direction of the three-axis force sensor, 

with a maximum coupling error of 3.3%. The average 

cross-axis coupling errors are 1.41% between X and Y-axes, 

1.75% between Y and Z-axes, and 1.50% between X and 

Z-axes. It is also noteworthy that the experimental testing 

results are higher than those of the finite element model and 

analysis model, possibly due to manufacturing errors, assembly 

errors, and measurement errors. The coupling errors of the 

state-of-the-art multi-axis force sensors introduced in [9], [39] 

and [50] are 2%, 1.64% and 2.76% respectively. The average 

pre-calibrated coupling error of the three-axis force sensor 

proposed in this paper is around 1.5%. 
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Fig. 12  Prototype and the experimental testing setup: (a) Prototype (b) Signal amplifier (c) Semi-physical simulator (d) Computer. 

 
Fig. 13  Input force and Output force relationships and coupling errors among X, Y and Z-axes: (a) With loading along X-axis; (b) With loading along 
Y-axis; (c) With loading along Z-axis; (d) Coupling errors with loading along X-axis; (d) Coupling errors with loading along Y-axis; (e) Coupling errors 
with loading along Z-axis. 
 

V. CONCLUSION 

This paper presents a novel design concept for multi-axis 

force sensors, employing decoupled compliant parallel 

mechanisms with an innovative measuring principle. This 

pioneering concept effectively addresses the challenges of 

balancing sensitivity and measuring range, while also 

minimizing cross-axis coupling errors. The paper commences 

by introducing the novel design concept, followed by a detailed 

case study featuring a self-decoupling three-axis force sensor in 

the X, Y, and Z directions based on this design concept. 

Initially, a comprehensive approach is adopted to synthesize 

XYZ compliant parallel mechanisms with reduced cross-axis 

coupling errors, intended as the elastic-sensitive components 

for three-axis force sensors. Utilizing the constraint flow 
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approach, multiple sets of permissible constraint combinations 

are generated to meet the decoupling requirements, with 

detailed explanations of two such combinations. Subsequently, 

two XYZ compliant parallel mechanisms are synthesized based 

on one of the constraint combinations, with one of these 

mechanisms selected for further analysis. The chosen XYZ 

compliant parallel mechanism undergoes analytical modeling 

using the matrix displacement method, followed by finite 

element simulations. The results revealed a close alignment 

between the analytical and numerical models, with differences 

around 0.1% and approximately 0.8% cross-axis coupling 

errors. 

Following this, a three-axis force sensor prototype based on 

the XYZ compliant parallel mechanism is fabricated and 

subjected to experimental testing. The results demonstrated that 

the proposed three-axis force sensor in the study exhibited a 

mere 1.5% pre-calibration coupling error, indicative of 

exceptional decoupling characteristics. In comparison with 

strain-gauge-based multi-axis force sensors, the proposed three- 

axis force sensor showcased an impressive 8% reduction in 

coupling error. Notably, the measuring sensitivity of the 

proposed three-axis force sensor is not solely reliant on the 

deformation sensitivity of the XYZ compliant parallel 

mechanism. This suggests that the XYZ compliant parallel 

mechanism does not necessitate low stiffness in the deformation 

directions to achieve high measuring sensitivity, thus 

suggesting the potential for a substantial measuring range with 

minimal cross-axis coupling errors. 

Looking ahead, future work will involve the design of a more 

compact prototype utilizing alternative sensing elements, such 

as piezoelectric ceramics. Furthermore, the signal processing 

systems and nonlinear dynamic characteristics will be explored. 
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