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INTRODUCTION 1 

Sensors capable of measuring multi-directional force, moment or combinations thereof are popular 2 

in a wide range of engineering research, including automation, machining processes, aerospace, 3 

medical applications and civil engineering. In this way, a single multi-axis sensor can perform what 4 

is essentially a three-dimensional (3D) measurement of physical quantities. These sensors are 5 

designed to produce an output signal in response to stimulation from a physical system of multiple 6 

force and moment components. In the vast majority of multi-axis force sensors this is achieved by 7 

using multiple strain-sensitive elements mounted on an elastic structure.  The sensor structure is 8 

fundamental in determining important characteristics of the sensor such as stiffness, measurement 9 

range and isotropy, and any undesirable coupling between sensor outputs. Both the sensitive elements 10 

and the elastic structure require careful consideration to design a force sensor for accuracy, reliability 11 

and robustness.  12 

The development of multi-axis force sensors has been considered extensively in the literature over 13 

the past seven decades. Furthermore, these sensors have been developed for widely varying 14 

requirements and conditions due to the broad range of potential applications. However, a collective 15 

resource which collates and examines this information does not exist. This paper presents a state-of-16 

the-art review of multi-axis force sensing and sensor development. The basic concepts of force 17 

sensing and the adopted generalized framework are introduced. The fundamental strain sensing 18 

techniques adopted for the sensitive elements most commonly reported in the literature are also 19 

explored. Finally, a critical review of a large number of elastic structure designs is presented, broadly 20 

categorised as follows: (a) three degrees-of-freedom (DOF) cross-beam, (b) six DOF cross-beam, (c) 21 

column-type, (d) beam-column type and (e) Stewart platform. 22 
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SYSTEM DEFINITION 23 

The system considered in this paper is defined in Figure 1. Convention defines the x and y axes in the 24 

plane of the sensor (lateral direction) and the z axis in the out-of-plane (vertical) direction. Therefore 25 

Fz and Mz denote axial force and moment respectively, Fx and Fy denote mutually orthogonal lateral 26 

forces and Mx and My denote mutually orthogonal lateral moments. The n force components may be 27 

assembled into a force vector f which, in the most general case, can be defined as: 28 

  f = [Fx Fy Fz Mx My Mz]T (1) 

The respective outputs produced by the individual strain transducers within the sensor may be defined 29 

as an output vector u as follows: 30 

 u = [u1 u2 u3 … um]T (2) 

where ui denotes the output from the ith transducer and m is the total number of strain transducers. 31 

The relationship between the force and output vectors is therefore given by the matrix equation 32 

 u = C f (3) 

where C is an m × n ‘compliance matrix’. Although C can be determined analytically or numerically, 33 

it is most commonly determined experimentally through calibration tests (e.g. [1–3]). In a fully 34 

decoupled sensor, each output responds only to the application of a single corresponding load 35 

component. Coupling within a sensor, often referred to as ‘crosstalk’, means there are cross-36 

sensitivities between the different channels such that the application of a particular load component 37 

influences multiple output signals. 38 
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STRAIN SENSING TECHNOLOGY 39 

Electrical resistance strain gauging 40 

Electrical resistance strain gauges (ERSGs) operate on the principle of an electrical conductor 41 

undergoing a change in electrical resistance due to geometry change. To obtain measurable output 42 

signals from the small resistance changes associated with ERSGs, they are commonly arranged in 43 

Wheatstone bridge circuits. This also facilitates temperature compensation where thermal-induced 44 

resistance changes apply to each arm of the bridge thereby mitigating any influence on the aggregated 45 

circuit output. A limitation of this sensing technology is vulnerability to electromagnetic (EM) 46 

interference and damage arising from water ingress into the sensor. ERSGs also have relatively low 47 

sensitivity, which can be a limitation in applications where a large sensor stiffness is required. 48 

Fibre Bragg gratings 49 

Although a number of optical strain measurement methods exist (e.g. Fabry-Perot interferometers, 50 

Rayleigh and Brillouin scattering), Fibre Bragg Gratings (FBGs) are the most popular for force 51 

measurement applications. FBGs are created by forming a periodic modulation of the refractive index 52 

along the core of a single-mode optical fibre. When a broadband spectrum of light is incident on an 53 

FBG within a fibre, a narrow band of the spectrum is reflected through coherent scattering at the 54 

grating index variations, as shown in Figure 2 [4,5]. The reflected spectrum is characterised by the 55 

Bragg wavelength, λB, which is defined as 56 

 λB = 2 neff Λ (4) 

where neff is the mode effective refractive index and Λ is the grating period. If an FBG is mounted to 57 

a structure the change in wavelength, ΔλB, can be related to strain, ϵ, or the change in temperature, 58 

ΔT, using the equation given in [6]: 59 
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 ΔλB

λB

 = (1 - Pe) ϵ + (α + ζ + (1 - Pe)(αs - α)) ΔT (5) 

where α and αs are the thermal expansion coefficients of the fibre and sensor structure respectively, 60 

and Pe and ζ  are the photo-elastic and thermal-optic coefficients respectively of the fibre core.  61 

Temperature compensation remains one of the major obstacles in the use of FBGs for force sensing. 62 

One of the most common methods is the use of a reference ‘strain-free’ FBG (e.g. [7]). However, a 63 

range of alternatives feature in the literature including dual-wavelength superimposed FBGs [8], dual-64 

diameter FBGs [9,10] and the combination of an FBG with other structures, including long-period 65 

gratings [11], polarization-rocking filters [12] and superstructure FBGs [13]. Arguably one of the 66 

most effective methods is to perform arithmetic operations on two or more FBG measurements in a 67 

similar manner to that of a Wheatstone bridge (e.g. [14–16]). The use of FBGs as a strain sensing 68 

technology is desirable due to high sensitivity, immunity to EM interference and water damage and 69 

the ability to multiplex large numbers of FBGs along a single fibre. The comparatively high cost of 70 

FBG sensing compared to ERSGs, particularly with respect to optical interrogators, has slowed its 71 

adoption into broad industrial sectors however. 72 

Semiconductor strain gauges 73 

Semiconductor strain gauges (SSGs) are formed from a semiconducting material, most commonly 74 

silicon [17]. SSGs operate using the piezoresistive effect, which refers to the dependence of the 75 

electrical resistivity of a material on mechanical strain [18]. For a conductor subjected to a 76 

longitudinal strain ϵ, the gauge factor (GF) can be defined as 77 

 
GF = 1 + 2ν + (

1

ϵ
 
Δρ

ρ
)   (6) 

where ν is the Poisson's ratio of the conductor material and ρ is the material resistivity which 78 

undergoes a change of Δρ [17–19]. The first two terms in Equation (6) correspond to the resistance 79 
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change due to changes in the conductor geometry, while the last term corresponds to change in the 80 

conductor material resistivity [18,19]. SSGs typically have a significantly greater strain sensitivity 81 

than metallic strain gauges, due to the greater change in resistivity under strain [20]. However, one 82 

of the most important applications of SSGs is in Micro-electro-mechanical systems (MEMS) force 83 

sensors, as micro-machining techniques allow them to be constructed at a much smaller scale. 84 

Capacitive sensing 85 

A capacitor is a component comprising electrical conductors separated by a non-conductive layer 86 

formed from a dielectric medium. When a potential difference is applied to the capacitor, an electric 87 

field is induced across the dielectric layer. This produces a net positive electrical charge developing 88 

on one conductor and a net negative charge on the other. For a simple capacitor consisting of two 89 

parallel plates of cross-sectional area A, separated by a uniform gap of thickness d, the capacitance, 90 

C, is given by  91 

 
C = 

ϵ0 ϵr A

d
 (7) 

where ϵ0 and ϵr are the permittivity of free space and dielectric material forming the gap respectively 92 

and d ≪ A. Capacitive sensing can achieve high sensitivity, allowing measurement of very small 93 

deflections [21]. Similar to SSGs, capacitors can be created through micro-machining techniques, 94 

facilitating very small-scale force measurement. Capacitive sensing also allows the creation of 95 

flexible sensors, which has led to their adoption in measuring tactile information [22]. 96 

THREE DOF CROSS-BEAM SENSORS 97 

One of the most widely adopted multi-axis force sensor designs is the ‘cross-beam’ or ‘Maltese cross’ 98 

type. This design typically consists of an outer frame connected to a central platform by three or more 99 

elastic beam members. The most common arrangement comprises four beams arranged in a planar 100 
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cross-shape, as illustrated in Figure 3. In this case, application of an in-plane force, such as Fx and / 101 

or Fy, induces axial deformation in the members parallel to the load, as well as lateral bending in the 102 

members perpendicular to the load. Application of an axial force Fz and moment Mz induce out-of-103 

plane bending and lateral bending respectively in all four members. Lateral moments Mx and / or My 104 

induce vertical bending and torsion in the members perpendicular and parallel to the moment axis 105 

respectively. Collinearity between the x and y loading directions and the elastic beams in a four-spoke 106 

beam design assists decoupling of sensor outputs and maximises the strain in the beams, whilst also 107 

achieving an identical response for mutually orthogonal lateral forces and moments. Table 1 presents 108 

a comprehensive list of three DOF force sensors documented in the literature. Only the salient studies 109 

are discussed in further detail below. The three DOF load combinations that have been considered in 110 

the literature are as follows: 111 

(a) Fx, Fy, Fz (3DOF-A): the upper and lower surfaces of the elastic beams are instrumented, 112 

which are typically designed with low vertical bending resistance. Fx and Fy are generally 113 

applied at a vertical offset to the cross centre, such that they induce out-of-plane bending. 114 

(b) Fx, Fy, Mz (3DOF-B): the lateral surfaces of the elastic beams are instrumented, which are 115 

typically designed with low lateral bending resistance. 116 

(c) Fz, Mx, My (3DOF-C): similar to 3DOF-A.  117 

Valdastri et al. [23] presented a piezoresistive ‘micro’ 3DOF-A cross-beam design. The force 118 

components are applied to the sensor at a fixed vertical offset via a rigid rod attached to the central 119 

platform. Measurement of the out of-plane deformations of the cross-beams was used to resolve the 120 

applied lateral forces. The cross-beam structure is etched from silicon wafer with one p-type silicon 121 

piezoresistor per beam, obtained via ion implantation, arranged in four quarter Wheatstone bridge 122 

circuits. Fontana et al. [24] described a larger scale 3DOF-A cross-beam design operating on similar 123 

principles, except using four Wheatstone bridges comprising 16 ERSGs. Bekhti et al. [25] 124 
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documented a miniature 3DOF-A design employing capacitive sensing. A plastic cross-beam was 125 

mounted on a conductive plate and supported above a printed circuit board (PCB), forming four 126 

capacitors in a square grid. Each of the four beam members was formed from two compliant laterally-127 

spaced beams as shown in Figure 4. Xiong et al. [26] proposed a 3DOF-A cross-beam sensor for 128 

robot plantar force measurement, using a total of five FBGs for strain sensing (see Figure 5). 129 

Decoupling of measurements and temperature compensation were achieved by forming each sensor 130 

output as the difference between two FBG wavelength shifts.  131 

Kim et al. [27] presented a 3DOF-B sensor in which the beams were laterally-compliant. The novelty 132 

of this design is centred around the use of additional compliant beams in the outer frame, to promote 133 

decoupling of sensor output (see Figure 6). The compliant elements were instrumented with a total 134 

of 40 ERSGs. Fernandez Fernandez et al. [14] documented a 3DOF-C sensor applied to the control 135 

of robots in ‘EM noisy environments’. Those authors adopted a classic rigid four-beam structure, 136 

resembling that shown in Figure 3, instrumented with eight FBGs. The sensor outputs were created 137 

by taking the difference between the wavelength shifts of the FBGs on opposite sides of each beam; 138 

this had the added advantage of achieving temperature compensation. 139 

SIX DOF CROSS-BEAM SENSORS 140 

Rigid jointed cross-beams 141 

Six DOF cross-beam force sensors typically require strain-sensing elements on all sides of the elastic 142 

members [28]. To achieve similar lateral and vertical compliance, square beam cross-sections are 143 

common [24]. In its most rudimentary form, a six DOF cross-beam comprises rigid frame-beam and 144 

platform-beam joints. Table 2 provides a broad list of six DOF cross-beam sensors documented in 145 

the literature. Chao and Yin [3] adopted a design similar to that presented in Figure 3 to measure the 146 

reaction load on a human foot during locomotion. However, the use of rigid joints was shown to 147 
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reduce measurement isotropy and measurements also showed a high degree of coupling [29,30]. Kim 148 

et al. [31] presented a cross-type design in which grooves were machined into the beams to 149 

incorporate capacitive sensing, as shown in Figure 7. Each groove was filled with dielectric elastomer 150 

positioned between two conductive electrodes. Application of a load to the central platform causes a 151 

contraction of the grooves thereby altering the capacitance of the sensing elements. Palli et al. [32] 152 

proposed a cross-beam design coupled with optoelectronic sensing. In this design, deflection of the 153 

cross-beam is measured by changes in the light received by a series of photodetectors from light 154 

emitting diodes through relative movement of a reflective surface. Although less common, Lin et al. 155 

[33] and Feng et al. [34] proposed ‘double-cross’ designs using eight elastic beam elements for wheel 156 

force measurement (see Figure 8). The redundant spokes provided additional structural capacity. The 157 

3DOF-B design proposed by [33] was extended in [34] to 6DOF measurement by placing additional 158 

strain-sensitive elements on the top and bottom surfaces of the eight beams. 159 

Flexible jointed cross-beams 160 

The use of flexible elements in the outer frame has featured frequently in the literature to minimise 161 

coupling between sensor outputs. Flexible frame-beam joints are analogous to sliding universal joints 162 

when compliance in three DOF is introduced, namely displacement parallel to the beam axis and 163 

rotation about two mutually orthogonal axes, both of which are perpendicular to the beam axis [28]. 164 

This allows the sensor body to be manufactured monolithically but does not introduce any undesirable 165 

behaviours associated with mechanical connections, such as friction and clearances.  166 

Scheinman [35] documented one of the earliest designs of this type for use in wrist force sensing, 167 

described later in detail in [36]. This cross-beam design features thin flexures machined into the outer 168 

frame at the frame-beam joints. The four cross-beam members were instrumented with 16 SSGs (one 169 

placed on all surfaces of each beam). A similar design was presented by Van Brussel et al. [37] using 170 

ERSGs, as shown in Figure 9. The flexures were dimensioned to simulate ball-hinge behaviour. Chao 171 
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and Chen [38] modified the traditional cross-beam design to include ball-bearings at the frame-beam 172 

joints (see Figure 10). The design was shown to have high sensitivity and significantly improved 173 

measurement isotropy compared to an equivalent fixed-joint design. Dao et al. [39] documented a 174 

micro cross-beam sensor using piezoresistive strain-sensing for measuring the fluctuating force and 175 

moment components on a particle at the bed of a turbulent channel flow. The cross-beam was 176 

fabricated on a micro sensing chip from n-type silicon using a micromachining process. Eighteen 177 

piezoresistors formed using impurity diffusion were located on the upper surface of the beams. Shi 178 

and Hall [40] presented a cross-beam wheel force sensor using radial spherical plain bearings at the 179 

frame-beam joints. Compared with the design in [38], this design freed the three rotational DOF and 180 

the radial displacement at the frame-beam joints. Ma and Song [41] developed a simplified analytical 181 

model of a cross-beam with compliant frame elements using Timoshenko beam theory, to explore the 182 

strain distributions along the elastic beams.  183 

The design documented by Kim [42] uses ‘parallel-plate beams’ in the outer frame to achieve lower 184 

deflection and rotation due to bending moment and axial moment respectively. Kim et al. [43] 185 

documented an extension of this design in which the beam members are also modified. Each beam 186 

contained both a vertically and laterally compliant parallel-plate-beam. Both versions of this sensor 187 

required 24 ERSGs. A significantly more complex structure was documented by Mastinu et al. [44] 188 

and Gobbi et al. [45] involving a three-spoked design with 'sliding spherical joints' at the frame-beam 189 

joints. The joints are designed to allow four DOF: three rotations and displacement parallel to the 190 

beam axis. Mastinu et al. [44] documented the design development of this sensor whereas Gobbi et 191 

al. [45] presented the sensor construction and experimental assessment. The design demonstrated 192 

good linearity and a maximum coupling error of < 1%. Sun et al. [46] presented another force sensor 193 

in which the outer frame contained highly-compliant plates (see Figure 11). To increase sensitivity, 194 

each cross-member contains a single vertically-orientated blind hole and is instrumented to measure 195 

3DOF-B loads. Similarly, the frame contains horizontally-orientated through-holes and are 196 
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instrumented for measurement of 3DOF-C loads. The frame also contains thin, laterally compliant 197 

plates to connect the structure to the fixed corner points. Interestingly, the layout of the ERSGs on 198 

the cross-beams differ to that typically adopted in the literature in that they are orientated in the shear 199 

direction i.e. at 45° to the beam axis.  200 

Kang et al. [30] undertook an optimization exercise using finite element analysis to minimise coupling 201 

error in a six DOF cross-beam sensor. For the purpose of this review, the deformed shape of this 202 

sensor subjected to Fz, Fy, Mz and Mx loading was explored using a Solidworks 2019 (perfectly-203 

elastic) finite element analysis (FEA). The results are presented in Figure 12 where contours indicate 204 

the magnitude of the resultant displacements. Although these results are only indicative, it can be 205 

seen that significant deformations occur at the flexible joints. It was demonstrated in [30] that this 206 

flexible joint behaviour achieved a coupling error of < 3.2%, determined using both numerical 207 

analysis and experimental testing. Kazerooni and Akbari [47] progressed this work by proposing a 208 

modified optimization formulation to reduce the coupling error to < 1.5%. Similar designs include 209 

the sensor documented by Schickl et al. [48] for use in measurement of forces in the feet of humanoid 210 

robots and the large sensor documented by Chen et al. [49] for robotic manipulator control in space 211 

applications. Huang et al. [50] presented analysis of a very similar sensor structure to in [30], except 212 

instrumented with a total of 16 FBGs, with one placed on each side of the four cross beams. Similar 213 

to the design in [14], the sensor outputs were formed from the wavelength shift difference between 214 

FBGs on opposite sides of each beam, which also achieves temperature compensation. The 8 × 6 215 

compliance matrix for this design was determined using both 3D FEA and an analytical Timoshenko 216 

beam theory model developed in [51]. 217 

Dual-layer cross-beams 218 

These sensors involve a vertical assembly of two cross-beam sensors, where each cross-beam is 219 

tasked with the measurement of a specific three DOF load combination. The design documented by 220 
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Kim et al. [52] combined the 3DOF-B load cell reported in Kim et al. [27] (shown in Figure 6) with 221 

a lower 3DOF-C cross-beam. The two cross-beams are connected through the outer frames and were 222 

instrumented with ERSGs. In the dual sensor proposed by Yuan et al. [53], an upper 3DOF-B and a 223 

lower 3DOF-C cross-beam are connected via the central platforms. Rigid frame-beam joints with 224 

vertically compliant beams were adopted for the upper cross-beam with a total of eight ERSGs on the 225 

upper and lower surfaces of the beams. The lower cross beam comprised flexible frame-beam joints 226 

and laterally-compliant beam elements featuring a total of eight ERSGs mounted on the beam side 227 

surfaces. Wu and Cai [54] proposed a dual-layer cross-beam involving an upper 3DOF-B and a lower 228 

3DOF-C. The beam ends were located within grooves in an outer cylindrical shell as shown in Figure 229 

13. Each beam contains a ‘double-hole’ to create a double bending-beam. Although the sliding frame-230 

beam joints were intended to decouple sensor outputs, those authors noted that very accurate sliding 231 

clearances were required to achieve this. 232 

COLUMN-TYPE SENSORS 233 

Column-type sensors typically feature an elastic body made of a single prismatic element which is 234 

fixed at one end and free to deflect and rotate at the other. Loads applied to the sensor at the free end 235 

induce a strain field in the elastic body which is measured by various combinations of strain-sensitive 236 

elements. The most commonly-adopted column-type load cell design features a cylindrical elastic 237 

body, such as that shown in Figure 14. Typically only the outside surface is instrumented, as it 238 

experiences the greatest strains and mounting the strain sensing elements is more straightforward. 239 

Table 3 provides a summary of column-type sensors that have featured in the literature. The main 240 

advantages of the column-type are its simplicity and robustness. Column-type sensors also exhibit 241 

significantly greater stiffness in the vertical direction compared to cross-beam sensors [55]. The main 242 

disadvantage associated with these sensors is poor measurement isotropy and low sensitivity to Fz. In 243 

particular, there are unavoidable couplings between the measurements of lateral forces and lateral 244 
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moments. The column also needs to be sufficiently long to ensure strain sensing elements are not 245 

located within the non-uniform strain distributions towards the ends. 246 

The earliest column-type designs referenced in the literature are related to biomechanics applications. 247 

Cunningham and Brown [56] presented a method for the measurement of human gait involving a 248 

rectangular plate supported by four column-type load cells at the corners. The columns were tubular 249 

cylinders, machined from a solid bar, with ERSGs mounted on the outside surface. End flanges 250 

enabled bolted connections to the plate and base. Paul [57] reported similar force plate designs to that 251 

in [56] except each column was instrumented with twelve silicon SSGs rather than ERSGs. The SSGs 252 

were arranged in three layers along the length of the column and formed six bridge circuit outputs for 253 

the six load components acting on the force plate. Berme et al. [1] presented a reduced-length design 254 

to facilitate inclusion within the pylon of a prosthesis. Instead of deriving the lateral forces using the 255 

difference in bending moment at two axial positions, the shear forces were measured directly using 256 

strain gauges orientated ± 45° to the cylinder axis. Van Brussel et al. [37] presented a six-axis design 257 

consisting of two rigid rings connected by four vertical flexural strips. The design resembles a 258 

cylindrical column with four large sections at the cardinal points of the wall removed. 3DOF-B loads 259 

are related to the shear strain in the flexural strips, whereas 3DOF-C loads are obtained from the 260 

bending and compression strains. Byrne and Houlsby [2] used a column-type load cell design for the 261 

measurement of six DOF loading applied to a model foundation on sand (see Figure 14). A total of 262 

32 ERSGs were bonded to the outer surface of the cylinder in groups of four and positioned at eight 263 

circumferential locations. This provided six full Wheatstone bridge circuits corresponding to each of 264 

the six DOF load components. Van der Laag [15] extended this work to develop a sensor employing 265 

a combination of both ERSGs and FBGs. 32 ERSGs were mounted on the outside surface to form 266 

eight full Wheatstone bridges whereas 32 and 14 FBGs were located on the outer and inner surfaces 267 

respectively. Arithmetic operations performed on the outputs of two or more FBGs, in a similar 268 

manner to Wheatstone bridge circuits, were used to achieve load and temperature isolation. That 269 
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author noted that while both the ERSGs and FBGs provided accurate results, difficulties in mounting 270 

FBGs to the sensor structure were identified. 271 

BEAM-COLUMN SENSORS 272 

Although much less common, beam-column force sensors generally consist of both elastic beam and 273 

column elements that undergo deformation during loading. Stroud [58] documented one of the more 274 

popular designs of this type which was later described in greater detail by Bransby [59] (see Figure 275 

15). The design features four vertical columns and four horizontal beams which connect an upper and 276 

lower ‘block’. The columns and beams are designed to be flexible in bending. Fz induces axial 277 

compression in the vertical columns whereas Fx induces tension in one pair of horizontal beams and 278 

compression in the other pair [59]. ERSGs are mounted on both faces of all eight elastic elements to 279 

form three Wheatstone bridge circuits. Huang et al. [60] proposed a robot wrist force sensor using a 280 

cross-beam supported by four vertical beams connected to an outer frame, as shown in Figure 16. 281 

Lateral forces and axial moment are measured by bending deformation of the vertical beams using 282 

ERSGs. The lateral moments and axial force are measured through conventional out-of-plane bending 283 

of the cross members. 284 

STEWART PLATFORM SENSORS 285 

Stewart [61] originally described the Stewart platform as a six DOF mechanism, consisting of a rigid 286 

plate (referred to as the platform) which is connected to a fixed base by six legs, as shown in Figure 287 

17. The legs are formed from elastic members which can be instrumented to measure load-induced 288 

axial deformations. Stewart platform sensors generally have the characteristics of high stiffness and 289 

load capacity, through distributing the loading axially over the six legs.  To achieve a six DOF 290 

mechanism, at least one spherical joint is required on each leg whereas the other joint can be either a 291 

universal or spherical joint [62]. To convert the Stewart platform into a force sensor, the same joint 292 
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configuration is required to ensure that the deformations in the legs are purely axial. A summary of 293 

Stewart platform force sensors documented in the literature is given in Table 4. 294 

Romiti and Sorli [63] presented an early six DOF Stewart platform force sensor using six single-axis 295 

force sensors as platform legs. The legs were connected to the two platforms via low-friction ball 296 

joints. Sorli and Zhmud́ [64] and Ferraresi et al. [65] subsequently developed a prototype of this 297 

design where experimental investigations revealed a very high stiffness to the applied loads. 298 

However, hysteresis and non-linearity was observed in the sensor output due to backlash in the ball 299 

joints [64]. Dai and Kerr [66] proposed using six pre-tensioned flexible wire legs to ensure transferral 300 

of axial forces only. The force in each wire was measured using six elastic cantilevers fixed to the 301 

sensor base, instrumented with ERSGs. Kang [62] proposed platform legs comprising two springs 302 

located at either end of a ‘core’. A linear variable differential transformer (LVDT) was mounted on 303 

each leg to measure axial deflections under the applied loads. The legs were connected to the base 304 

and platform using ball and socket joints. Dwarakanath et al. [67] documented a Stewart platform 305 

design employing bending rings in the sensor legs (see Figure 18). The rings introduced compliance 306 

into the system and facilitated concentration of strain. However, some inaccuracies and repeatability 307 

issues were encountered arising from clearances in the ball and socket joints used to connect the legs 308 

to the platform and base. 309 

Zhenlin et al. [68] presented a parallel mechanism force sensor described as a variant on the Stewart 310 

platform. Six elastic legs, arranged in three pairs, were used to connect three orthogonal sides of a 311 

cube-shaped platform to the base. A monolithic structure was possible by adopting flexural hinges 312 

instead of the traditional spherical joints. This structure showed improved measurement isotropy over 313 

the traditional Stewart platform structure geometry. Ranganath et al. [69] and Bhavikatti et al. [70] 314 

proposed using Stewart platform-type geometries in ‘near singular’ configurations. This amplified 315 

the forces experienced by the legs thereby creating a highly sensitive force sensor for specific load 316 
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components. The prototypes developed in [69,70] had heightened sensitivity to 3DOF-B loads and 317 

the three moments respectively. Both designs employed flexural hinges for the leg joints and ring 318 

structures instrumented with ERSGs on each leg. Seibold et al. [71] presented a small-scale sensor as 319 

part of an articulated grasping instrument for minimally invasive robotic surgery applications. This 320 

design used ERSGs and flexural joints and was sufficiently small to fit within a 10 mm diameter 321 

sphere. Luo et al. [72] presented another small-scale design for use in robotic fingers. The sensor legs 322 

were created from small brazen pipes ending in ball joints, created from rod end bearing and knuckle 323 

joints. By having two legs meet at each ball joint, only six joints are required in this design. Yao et 324 

al. [73] proposed the use of a pre-stress to improve the performance of mechanical spherical joints 325 

within the structure. An adjustable seventh leg spanning between the platform and base along the 326 

sensor centreline was used to induce a compressive force in the six platform legs. This prevented the 327 

development of tension in the legs towards mitigating errors arising from non-linearity and 328 

mechanical hysteresis in the joints.  329 

Dwarakanath and Venkatesh [74] presented an alternative 'joint-less' design to overcome the 330 

limitations of conventional mechanical and flexural joints. The design involved legs with conical ends 331 

which rest in a spherical indentation on both the platform and base. The legs were secured in place 332 

by a compressive pre-load using deadweight. Figure 19 shows the design proposed by Müller et al. 333 

[75] using free-spanning, pre-tensioned FBGs as structures legs. This approach relies on having a 334 

separate central cylinder structure to support the platform. The fibre was glued at support locations 335 

on the base and platform after pre-tensioning and strain is induced in the FBGs by the relative change 336 

in distance between these fixation points. A similar design was also presented by Kim and Lee [76]. 337 

The sensors described in [75,76] did not consider temperature compensation despite the experimental 338 

results in [76] confirming the sensor outputs to be temperature dependent. Another FBG-based design 339 

was proposed by Haslinger et al. [77], in which each leg is formed from a steel capillary with an 340 

optical fibre containing an FBG bonded into the centre. The legs are bonded to top and bottom plates 341 
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with structural epoxy, forming a relatively rigid joint. The effect of any bending of the legs is limited 342 

by the FBGs being mounted within the centre of the capillaries and therefore on the neutral axis. 343 

Temperature compensation is achieved in this design using an additional strain free FBG, mounted 344 

in a steel capillary bonded to the baseplate. 345 

DISCUSSION AND CONCLUSIONS 346 

This paper has described a comprehensive review of multi-axis force sensors documented in the 347 

literature over the past seven decades. The review first considered strain sensing technology used in 348 

multi-axis force sensors. Electrical resistance strain gauges have for decades been the standard 349 

mechanism for measuring strain induced on the sensor structure. Despite their ubiquity, these sensors 350 

have inherent limitations that make their usage challenging, or indeed impractical, in many 351 

applications. Specifically, the advantages fibre Bragg gratings offer include: (a) immunity to 352 

electromagnetic interference, (b) reduced size and weight, (c) superior strain resolution, (d) 353 

environmental ruggedness and (e) optical multiplexing. Although semiconductor strain gauges and 354 

capacitive sensing have featured in the literature, they are primarily used in exceptional circumstances 355 

such as in miniature force sensors.  356 

The review of the elastic host structures highlighted the large variability of designs that have been 357 

developed, perhaps understandably given the wide range of applications covered by this review. 358 

Designs were broadly grouped as: (a) three DOF cross-beams, (b) six DOF cross-beams, (c) column-359 

type sensor, (d) column-beam sensors and (e) Stewart platform sensors. Cross-beam sensors appear 360 

to have had much success as multi-axis force sensors in a range of configurations and applications. 361 

Designs employing flexible-joints and features to concentrate strain have been shown to improve the 362 

sensitivity and minimise coupling error of the sensor outputs. The main disadvantage associated with 363 

these sensors is the considerable flexibility in the vertical direction as deformations are primarily in 364 

bending. Column-type sensors are desirable due to their simple structure (and low fabrication costs), 365 
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and the high stiffness in the vertical direction. However, accurate measurement of the applied forces 366 

requires sensing of a complex strain field induced on the sensor host structure. To achieve a high 367 

degree of accuracy, sensing elements are required to be placed at exact locations and orientations. 368 

Although Stewart platforms have been shown to be effective, the literature has highlighted many 369 

issues associated with the development of the complex structure in conjunction with flexible joints.  370 

Based on this review, there appears to be a concerted effort to develop force sensors employing FBG 371 

strain sensing. While the use of fibre optics in force sensors offers opportunities to re-visit simplified 372 

host structures, temperature compensation remains one of the major obstacles. The relatively high 373 

cost of optical analysers has also slowed its adoption into broad industrial sectors. Rapid 374 

advancements in 3D printing also present exciting opportunities for the development of more 375 

rigorous, complex host structures that were once considered either impractical or undesirable (due to 376 

fabrication costs). 377 
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Table 1 Summary of three DOF cross-beam force sensors documented in the literature 

Reference 3DOF 

type 

Strain 

sensing 

(number of 

sensors) 

Construction comments Sensor size Measurement 

rangea 

Measurement particularsb Applicationc 

Bekhti et al. 

[25] 

A Capacitance 

(4)  

Plastic structure, pairs of 

parallel beams in cross 

20 mm × 20 mm × 14 mm Fx = Fy = 60 N, Fz 

= 100 N 

R: 0.05% Robot control 

Fernandez 

Fernandez et 

al. [14] 

C FBG (8) Rigid joints, square 

cross-section beams 

Beam lengths = 50 mm, Beam 

cross section = 4 mm × 4 mm, 

Central platform radius = 25 mm 

Fz = 475 N, Mx = 

My = 6.5 Nm 

- Robot control (in 

EM noisy 

environments) 

Fontana et 

al. [24] 

A ERSG (16) Rigid joints, vertically 

compliant beams 

Beam lengths = 7.4 mm, Beam 

cross section = 3 mm × 0.4 mm 

Fx = Fy = Fz = ± 5 

N 

R: 0.04% 

CE: 0.1% 

NE: 0.06% 

HE: 0.21% 

 

Dual-finger haptic 

interface 

Kim et al. 

[27] 

B ERSG (40) Laterally flexible plate 

beams in both cross-

members and frame, both 

instrumented 

Beam lengths = 17 mm, Beam 

cross section = 14 mm × 1.8 mm 

Fx = Fy = 100 N, 

Mz = 2 Nm 

CE: 0.01 – 1.7% General sensor 

development 

Lin et al. 

[33] 

B ERSG (16) Eight-spoked design with 

rigid joints 

Diameter = 290 mm, Thickness = 

10 mm 

Fx = Fy = 14 kN, 

Mz = 3000 Nm 

HE: 0.9 – 1.1% 

NE: 0.6-0.9% 

RE: 0.5% 

 

Wheel force 

measurement 

Richardson 

et al. [78] 

A ERSG (8) Rigid joints, vertically 

compliant beams 

70 mm × 70 mm (overall). Beam 

cross sections = 5 mm × 2 mm  

Fx = Fy = Fz = ± 

20 N 

- Control of 

pneumatic 

physiotherapy robot 

Valdastri et 

al. [23] 

A Piezoresistiv

e (4) 

Silicon structure, 

piezoresistors obtained 

by ion implantation 

2.3 mm × 2.3 mm × 1.3 mm Fx = Fy = 0-0.4 N, 

Fz = 0-2.5 N 

S: 0.0254 - 0.026 N-1 (Fx, Fy, 

Fz). 

Interface force 

measurement for 

prosthetic 
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NE: 0.28% (Fz) – 2.5% (Fx, 

Fy) 

Xiong et al. 

[26] 

A FBG (5) Rigid joints, vertically 

compliant beams 

Diameter = 72 mm, Thickness = 

26 mm 

Fx = Fy = ±50 N, 

Fz = 0-60 N 

S: 11.259 - 23.366 pm/N,  Fz = 

11.259 pm/N 

RE: 2.23 – 2.45% 

CE: 1.28 – 4.05% 

Robot plantar force 

measurement 

aMeasurement ranges as reported by the respective authors or deduced from calibration plots 

bMeasurement particulars as reported by the respective authors; R = resolution, S= sensitivity, NE = nonlinearity error, HE = hysteresis error, RE = 

repeatability error, CE = coupling error 

cStudies that do not refer to a specific application for the development of the respective sensor are listed here as ‘general sensor development’ 
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Table 2 Summary of six DOF cross-beam force sensors documented in the literature 

Reference Strain sensing 

(number of 

sensors) 

Construction comments Sensor size Measurement rangea Measurement 

particularsb 

Applicationc 

Chao and 

Chen [38] 

ERSG (16, 24, 

32, 48) 

Ball-bearing frame-beam joints - Fx = Fy = 392 N, Fz = 

784 N, Mx = My = 20 

Nm, Mz = 29 Nm 

- Wrist force sensor 

for robotic arm 

control 

Chao and Yin 

[3] 

ERSG (32) Rigid-jointed  - Fx = Fy = 600 N, Fz = -

1200 N, Mx = My = 3600 

Nmm, Mz = 5400 Nmm 

- Measuring reaction 

loads on human feet 

during locomotion 

Chen et al. 

[49] 

ERSG (-) Compliant edge beams Diameter = 370 

mm (overall), 

height = 146 mm 

(overall) 

Fx = Fy = 10000 N, Fz = 

12000 N, Mx = My = 

2000 Nm, Mz = 3000 

Nm 

R: < 20 N (Fx, Fy, Fz), < 3 

N (Mx, My, Mz) 

CE: 0.03 – 1.84% 

Control of large 

robotic manipulator 

for space 

applications 

Dao et al. [39] SSGs (18) n-type micro silicon cross-beam with 

piezoresistors formed on surface 

through impurity diffusion 

Overall chip 

dimensions = 3000 

μm × 3000 μm × 

400 μm  

Fx = Fy = Fz = 50 N, Mx 

= My = Mz = 2 × 10-4 

mNμm  

S: 0.11 – 1.15 mV/mN (Fx, 

Fy, Fz), 3.4×10-3 - 4.6×10-4 

mV/mNμm (Mx, My, Mz) 

NE: 0.5 – 2.5% 

Measuring forces 

acting on a particle at 

the bed of a turbulent 

channel flow 

Feng et al. [34] ERSG (32) Eight-spoke design with rigid joints - Fx = Fy = 120 kN, Fz = 

60 kN, Mx = My = 30 

kNm, Mz = 60 kN m 

S: 10.5 – 110 μ/kN (Fx, Fy, 

Fz), 1.15 -1.20 μ/kNm (Mx, 

My, Mz) 

NE: 0.6 - 1.0 % 

HE: 0.6 – 1.3% 

RE: 0.4 – 0.65% 

Wheel force 

transducer for a 

heavy truck 

Huang et al. 

[50] 

FBG (16) Square cross-section beams with 

compliant plates at frame-beam 

joints 

-  - - Robotic applications 

in harsh industrial 

environments 

Kang et al. 

[30]; 

ERSG (24) Square cross-section beams with 

compliant plates at frame-beam 

joints 

Diameter = 92 mm 

(overall), height = 

37 mm (overall) 

Fx = Fy = ± 400 N, Fz = ± 

800 N, Mx = My = Mz = ± 

40 Nm 

CE: 0 – 3.2% General sensor 

development 
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Kazerooni and 

Akbari [47] 

Kim et al. [52] ERSG  (56) Dual cross-beam (3DOF-B and 

3DOF-C, created from plate beams) 

connected at the frame 

- Fx = Fy = Fz = 100 N, Mx 

= My = 1 Nm, Mz = 2 

Nm 

CE: 0.01 – 2.0% General sensor 

development 

Kim [42] ERSG (24) Laterally compliant parallel-plate-

beams in the frame, square cross-

section cross-beam members 

Diameter = 100 

mm (overall), 

height = 31 mm 

(overall) 

Fx = Fy = Fz = 200 N, Mx 

= My = 2.5 Nm, Mz = 5 

Nm 

CE: 0.07 – 2.85% Robot wrist force 

sensor 

Kim et al. [43] ERSG (24) Parallel-plate-beams in both cross-

beam members and frame 

Overall 

dimensions = 80 

mm × 80 mm × 19 

mm 

Fx = Fy = 500 N, Fz = 

1000 N, Mx = My = 18 

Nm, Mz = 8 Nm 

CE: 0.02 – 2.46% Humanoid intelligent 

robot’s foot 

Kim et al. [31] Capacitance 

(16) 

Plastic cross-beam, grooves cut into 

beams to allow capacitive sensing 

Diameter = 67 mm 

(overall), height = 

30 mm (overall) 

Fx = Fy = Fz = 10 N, Mx 

= My = Mz = 0.16 Nm 

R: 5% (Fx, Fy, Fz), 12.5% 

(Mx, My, Mz) 

NE: 4.7 – 12.1% 

Robotics applications 

Ma and Song 

[41] 

ERSG (24) Square cross-section beams, with 

compliant members at the frame-

beam joint 

Overall 

dimensions = 96 

mm × 96 mm × 7.2 

mm 

Fx = Fy  = ± 100 N, Fz = -

100 N, Mx = My = ± 10 

Nm, Mz = 12 Nm 

- Robotics applications 

Mastinu et al. 

[44]; Gobbi et 

al. [45] 

ERSG (12) Three-spoke design with ‘spherical 

sliding joints’ 

Overall 

dimensions = 150 

mm × 175 mm × 

100 mm 

Fx = Fy  = 5 kN, Fz = 10 

kN, Mx = My = Mz = 0.5 

kNm 

CE: < 1.0% 

A: 0.6% (Fx, Fy, Fz), 0.3% 

(Mx, My, Mz) 

Characterisation of 

vehicle suspension 

systems 

Palli et al. [32] Optoelectronic 

(-) 

Loads applied to a reflective surface 

mounted on cross-beam frame 

Beam length = 

16.5 mm, beam 

cross section = 4.8 

mm × 1.5 mm 

Fx = Fy = Fz = ± 50 N, 

Mx = My = Mz = ± 1 Nm 

- Robotics applications 

Scheinman 

[35] 

SSG (16) Compliant supports at frame-beam 

joints 

Diameter = 5.3 cm 

(overall), height = 

2.5 cm (overall) 

Fx = Fy = 106 N, Fz = 

167 N, Mx = My = 162 

Ncm, Mz = 300 Ncm 

A: 1% Wrist force sensor in 

the ‘Stanford Arm’ 

robotic manipulator 
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Schickl et al. 

[48] 

ERSG (16) Flexible members at frame-beam 

joints 

- Fx = Fy = 800 N, Fz = 

2100 N, Mx = My = Mz = 

50 Nm 

- Humanoid robot feet 

force measurement 

Shi and Hall 

[40] 

ERSG (16) Square cross-section beams, 

spherical plain bearings at frame-

beam joints 

- Fx = -1000 – 500 N, Fy -

500 – 1250 N, Fz = -750 

– 1000 N, Mx = -150 – 50 

Nm, My = -125 – 50 Nm 

R: 0.21 μ/kg (Fx, Fy, Fz), 

1.16 μ/kgm (Mx, My, Mz) 

Wheel force sensor 

Sun et al. [46] ERSG (32) Double-bending-beam structures in 

cross and frame members, both 

instrumented 

Diameter = 224 

mm (overall), 

height = 117 mm 

(overall) 

Fx = Fy = Fz = ± 500 N, 

Mx = My = Mz = ± 100 

Nm 

CE: 1.24 – 6.47% Robotics applications 

Van Brussel et 

al. [37] 

ERSG  (-) Thin flexures at rim - Fx = Fy = Fz = 20 N, Mx 

= My = Mz = 1 Nm 

-  Robot control 

Wu and Cai 

[54] 

ERSG (32) Dual cross-beam (3DOF-B and 

3DOF-C with double-hole 

structures) sliding structure within 

cylindrical shell 

Diameter = 52 mm 

(overall), height = 

28 mm (overall) 

Fx = Fy = Fz = 0-20 N, 

Mx = My = Mz = 0-800 

Nmm 

S: 4.2 – 5.4 mV/N (Fx, Fy, 

Fz), 4.8 – 5.3 mV/Nmm 

(Mx, My, Mz) 

CE: 0.01 – 0.89% 

Measuring forces 

between surgical 

tools and soft tissue 

Yuan et al. 

[53] 

ERSG (16) Dual cross-beam (3DOF-B and 

3DOF-C) connected at centre 

platform 

Diameter = 50 mm 

(overall), Height = 

12 mm (overall) 

Fx = Fy = 400 N, Fz = 

1000 N, Mx = My = 20 

Nm, Mz = 10 Nm 

S: 8.9 – 15.9 μV/N (Fy, 

Fz), 813.6 – 2260 μV/Nm 

(Mx, Mz) 

NE: 0.2 – 0.62% 

HE: 0.26 – 0.73% 

CE: 2.23 – 3% 

Human gait analysis; 

Humanoid robot foot 

aMeasurement ranges as reported by the respective authors or deduced from calibration plots 

bMeasurement particulars as reported by the respective authors; R = resolution, S= sensitivity, NE = nonlinearity error, HE = hysteresis error, RE = 

repeatability error, CE = coupling error, A = accuracy 

cStudies that do not refer to a specific application for the development of the respective sensor are listed here as ‘general sensor development’ 
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Table 3 Summary of column-type force sensors documented in the literature 

Reference Strain 

sensing 

(number of 

sensors) 

Construction comments Sensor size Measurement rangea Measurement 

resolutionb 

Applicationc 

Berme et al. [1] ERSG (-) Tubular cylinder with end 

flanges, machined from 

solid bar 

Cylinder inner diameter = 

26 mm, wall thickness = 

2.3 mm, length = 56 mm 

(overall) 

Fx = Fy = 100 N, Fz = 

1500 N, Mx = 150 Nm, 

My = 100 Nm, Mz = 20 

Nm 

- Biomechanical analysis of 

human gait within a 

prosthesis 

Byrne and 

Houlsby [2] 

ERSG (32) Thin-walled aluminium 

cylinder with end flanges 

Cylinder diameter = 27.5 

mm, wall thickness = 

0.475 mm, cylinder length 

= 70 mm 

- - Force measurement during 

shallow foundation 

loading experiment 

Cunningham and 

Brown [56] 

ERSG (12c) Tubular cylinder with end 

flanges, machined from 

solid bar 

Cylinder inner diameter = 

5/8 in, wall thickness = 

1/32 in, cylinder length = 

5 in 

Composite sensord - Force plate for 

measurement of forces 

between ground and foot 

during walking 

Kim et al. [79] ERSG (16) Solid steel cylinder Diameter = 28.1 mm, 

length = 56.2 mm 

Fx = Fy = 6.1 kN, Fz = 

50 kN, Mx = My = 

228.5 Nm, Mz = 174.1 

Nm 

NE: 0.03 – 0.17% 

HE: 0.01 – 0.15% 

RE: 0.03 – 0.15% 

General sensor 

development 

Paul [57] SSG (12c) Tubular cylinder, drawn 

cylinder welded to end 

flanges 

Cylinder inner diameter = 

5/8 in, wall thickness = 

1/32 in, cylinder length = 

5.25 in (overall) 

Composite sensord - Force plate for 

measurement of forces 

between ground and foot 

during walking 

Van Brussel et al. 

[37] 

ERSG (-) Four flexural aluminium 

strips between rigid rings 

Diameter = 170 mm 

(overall), length = 60 mm 

(overall) 

Fx = Fy = Fz = 200 N, 

Mx = My = 100 Nm, Mz 

= 20 Nm 

R: 0.1 – 0.2% Robot control in deburring 

applications 

van der Laag [15] ERSG (32); 

FBG (46) 

Large hollow steel cylinder 

with end flanges, 

Cylinder outer diameter = 

170 mm, length = 520 mm 

(overall) 

Fx = Fy = ± 200 kN, Fz 

= ± 1000 kN, Mz = ± 

100 kNm 

NE: < 0.4% To assess performance of 

6-axis fatigue test loading 

rig 
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instrumentation on inside 

and outside surface 

aMeasurement ranges as reported by the respective authors or deduced from calibration plots 

bMeasurement particulars as reported by the respective authors; R = resolution, S= sensitivity, NE = nonlinearity error, HE = hysteresis error, RE = 

repeatability error, CE = coupling error, A = accuracy 

cStudies that do not refer to a specific application for the development of the respective sensor are listed here as ‘general sensor development’ 

dColumns used in ‘composite sensor’ comprising a plate supported by four columns 
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Table 4 Summary of Stewart platform force sensors documented in the literature 

Reference Strain 

sensing 

(number of 

sensors) 

Construction comments Sensor size Measurement rangea Measurement 

resolutionb 

Applicationc 

Bhavikatti et al. 

[70] 

ERSG (24) Near-singularity design,  

flexural joints, ring –shaped 

strain sensing elements in 

legs 

Diameter = 80 mm 

(overall), height = 47 mm 

(overall) 

Fx = Fy = 50 N, Fz = 

200 N, Mx = My = Mz = 

10000 Nmm 

- Robot wrist force sensor 

Dai and Kerr [66] ERSG (-) Pretensioned wires for legs 

connected to strain gauged 

cantilevers on the base 

Radius to leg mounts on 

base = 40 mm, Effective 

platform height = 49 mm 

- - Contact force 

measurement for robot 

grasping 

Dwarakanath et al. 

[67] 

ERSG (-) Ball and socket joints, 

circular leg structures 

Base radius = 4.5 cm, 

height = 8.7 cm 

- A: < 2%  Robotics applications 

Dwarakanath and 

Venkatesh [74] 

ERSG (24) ‘Joint-less’ design with 

deadweight pre-load 

Height = 57.92 mm ERSG example: 

Fx = ± 73 N, Fy = ± 63 

N, Fz = ± 125 N, Mx = 

± 3394 Nmm, My = ± 

2939 Nmm, Mz = ± 

4899 Nmm 

A: < 4.6% General sensor 

development 

Haslinger et al. 

[77] 

FBG (7) Steel capillary legs 

containing optical fibres 

with FBGs 

Diameter = 6.4 mm 

(overall), length = 6.5 mm 

(overall) 

Fx = Fy = Fz = 20 N, Mx 

= My = 15 Ncm, Mz = 

10 Ncm 

HE: 0.03 – 0.53 N (Fx, 

Fy, Fz), 0.05 - 0.086 

Nmm (Mx, My, Mz) 

CE: 1.85 N (Fz), 6.57 

Nmm (My) 

A: 94.9% 

Minimally invasive 

robotic surgery 

Kang [62] LVDT (6) Legs made from a core, two 

springs and an LVDT, with 

ball and socket joints 

- Fx = ± 78 N, Fy = ± 80 

N, Fz = -180 - 185 N, 

Mx = ± 9.5 Nm, My = ± 

8.9 Nm, Mz = ± 13 Nm 

NE: 0.83 – 1.58% 

A: 3.5 – 7.5% 

General sensor 

development 
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Kim and Lee [76] FBG (6) Legs formed by pre-

tensioned FBGs, with a 

central column supporting 

platform 

Diameter = 50 mm 

(overall), Height = 60 mm 

(overall) 

Fx = Fy = Fz = 38.52 N, 

Mx = My = Mz = 963 

Nmm 

- Minimally invasive 

robotic surgery 

Luo et al. [72] ERSG (12) Thin-walled pipe legs, 

coincident ball joints 

- - NE: 5.2% Robot fingers 

Müller et al. [75] FBG (6) Polymer sensor, pre-

tensioned FBGs with a 

central structure supporting 

the platform 

Sensor volume < 10 mm × 

10 mm × 10 mm 

Fx = Fy = 10 N, Fz = 20 

N, Mx = 20 Ncm, My = 

14 Ncm, Mz = 10 Ncm 

R: 100 mN (Fz) Minimally invasive 

robotic surgery 

Romiti and Sorli 

[63]; Sorli and 

Zhmud́ [64]; 

Ferraresi et al. [65] 

Single axis 

force 

transducers 

Single-axis force 

transducers in legs, ball 

joints 

Diameter = 180 mm 

(overall), height = 115 

mm (overall) 

Fx = Fy = ± 87 N, Fz = ± 

256 N, Mx = My = ± 

60.8 Nm, Mz = 70 Nm 

A: 0.015 – 0.4% Robotic assembly hand 

Seibold et al. [71] ERSG (-) Flexural hinges Base radius = 4.2 mm, 

Leg length = 3.9 mm 

Fx = Fy = Fz = 2 N, Mx 

= My = Mz = 80 Nmm 

R: 0.05 N (Fx , Fy), 

0.25 N (Fz) 

Minimally invasive 

robotic surgery 

Yao et al. [73] ERSG (-) Mechanical joints, pre-

stressed central member 

Platform radius = 30 mm, 

Base radius = 24 mm, leg 

length = 33 mm 

Fx = Fy = Fz = 200 N, 

Mx = My = 1 Nm, Mz = 

0.4 Nm 

A: 0.2 – 0.3% (Fx, Fy, 

Fz), 2 – 11.9%  (Mx, 

My, Mz) 

General sensor 

development 

Zhenlin et al. [68] ERSG (24) Cube-shaped platform with 

legs arranged on three 

orthogonal sides, flexural 

joints 

Diameter = 42 mm 

(overall), height = 21 mm 

(overall) 

- - Robotics applications 

aMeasurement ranges as reported by the respective authors or deduced from calibration plots 

bMeasurement particulars as reported by the respective authors; R = resolution, S= sensitivity, NE = nonlinearity error, HE = hysteresis error, RE = 

repeatability error, CE = coupling error, A = accuracy 

cStudies that do not refer to a specific application for the development of the respective sensor are listed here as ‘general sensor development’ 
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Figure 1 3D cartesian coordinate system adopted for force sensor analysis, showing the six general 

force and moment components 
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Figure 2 Illustration of the optical behaviour of a typical uniform FBG, showing indicative incident, 

reflected and transmitted light spectra 
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Figure 3 Illustration of a conventional cross-beam force sensor, showing the main elements of the 

structure 
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(a) 

 

(b) 

 

(c) 

Figure 4 Schematic of a 3DOF-A cross-beam sensor proposed in [25]: (a) Plan view, (b) Secion A-

A showing the exaggerated deformed shape under Fx loading and (c) Section A-A showing the 

exaggerated deformed shape under Fz loading 
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Figure 5 Schematic of a 3DOF-A cross-beam force sensor instrumented with five FBGs 

documented in [26] 
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(a) 

 
(b) 

 
(c) 

Figure 6 Three DOF cross-beam force sensor design proposed in [27] involving the use of highly -

compliant elastic beam members: (a) structure showing locations of ERSGs, (b) exaggerated 

deformed shape of structure under Fy loading and (c) exaggerated deformed shape of structure 

under Mz loading 

  



44 

 

 

 

 

 

 

Figure 7 Six DOF cross-beam force sensor proposed in [31] showing grooves fabricated for 

capacitive strain-sensing 
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Figure 8 Schematic of a double-cross beam design for wheel force measurement proposed in [34] 

showing ERSG locations 
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Figure 9 Illustration of a flexible-jointed six DOF cross-beam design documented in [37], showing 

highly-compliant plate elements in the outer frame and ERSG locations on the beam members 
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Figure 10 Six DOF cross-beam design proposed in [38] employing ball-bearings at the frame-beam 

joints 
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Figure 11 Three-dimensional view of the six DOF cross-beam sensor structure proposed in [46] 

involving laterally-compliant plates in the outer frame and blind holes and through holes in the 

beams and frame respectively to increase the load sensitivity 
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                                           (a)                                                                    (b) 

  

                                          (c)                                                                    (d) 

 

Figure 12 Illustration of the deformed shape of the flexible-jointed six DOF cross-beam sensor 

documented in [30] for (a) Fy, (b) Fz, (c) Mx, and (d) Mz loading. Contours denote resultant 

displacements 
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Figure 13 Dual-layer six DOF cross-beam force sensor proposed in [54] comprising an upper 

3DOF-B cross-beam and a lower 3DOF-C cross-beam. The cross-beams are connected to the outer 

frame using sliding joints 
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Figure 14 View of column-type load cell developed in [2] showing locations of ERSGs mounted on 

outer surface of the thin-walled cylinder sensor body 

  

ERSGs 

Thin-walled 

cylinder  

Thick end flange 
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                                  (a)                                                                       (b) 

 

Figure 15 Beam-column force sensor proposed in [58] showing primary locations of tension and 

compression in the beams and columns under (a) Fz loading and (b) Fx loading 
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Figure 16 Schematic of the beam-column sensor design proposed in [60] 
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Figure 17 Illustration of a Stewart platform structure, showing the platform (1), fixed base (2), legs 

(3) and joints (4) 
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Figure 18 Stewart platform design proposed in [67] showing the strain gauged bending rings in the 

platform legs and the use of ball-and socket joints to connect the legs to the platform and base 
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Figure 19 Stewart platform design using FBGs proposed in [75] 

 


