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Abstract 

Metal foil strain gauges remain the state-of-the-art transducers for wind tunnel bal-
ances. While strain gauge technology is very mature, piezoresistive semiconductor 
sensors offer alternatives that are worth exploring to assess their unique benefits, 
such as better strain resolution and accuracy, which would enable balances to be 
designed with higher factors to safety and hence longer fatigue lifetimes. A new 
three-component balance, based on temperature compensated semiconductor strain 
gauges, is designed, calibrated and tested in a hypersonic low density wind tunnel. 
The static accuracy of the semiconductor balance is calibrated better than 0.3% FS, 
and the dynamic accuracy of the balance is established using a HB-2 standard model 
in a Mach 12 hypersonic flow. Good experimental repeatability is confirmed to be bet-
ter than 2.5% FS, and the effectiveness of the balance is demonstrated by comparing 
the forces and moments of measured data with computational fluid dynamics simula-
tions, as well as reference wind tunnel results under similar conditions.

Keywords:  Hypersonic flow, Aerodynamic force balance, Semiconductor strain gauge, 
Temperature compensation

1  Introduction
Reliable and robust aerodynamic force measurement instruments are required in wind 
tunnel experiments. A force balance is a precision-machined instrument that is capa-
ble of accurately and precisely measuring the aerodynamic loads imparted on the air-
craft model, by applying strain gauges at strategic locations to measure the strain due to 
applied loads. While there is no urgent need to replace balance mechanical structures 
[1], the time is surely right to consider new strain sensing technologies for an upgraded 
generation of force balances to satisfy ever more demanding requirements in the new 
future.

Metal foil strain gauges remain the state-of-the-art transducers for wind tunnel bal-
ances. They offer a compelling combination of resolution (less than 1 microstrain (με)), 
long term stability, and temperature stability [2]. While strain gauge technology is very 
mature, other sensor technologies offer alternatives that are worth exploring to assess the 
unique benefits they may offer to address researcher needs. Readers can refer to several 
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papers [3–7] for alternative strain sensing technologies that could replace or comple-
ment metal foil strain gauges. In this work, we focus on the piezoresistive semiconductor 
strain gauge technology. Unlike a metal foil strain gauge, whose change in resistance is 
primarily linked to geometrical changes, semiconductor gauge exhibits greater sensitiv-
ity, larger bandwidths and shorter response time, making them well suited for precise or 
dynamic measurements [8].

1.1 � Brief history of strain gauge development

The measurement of strain is important in numerous applications in science and engi-
neering, and metal foil strain gauges are widely used. The measurement principle is 
based on the change in electrical conductance and geometry of a stretched conductor. 
William Thomson first reported on the change in resistance with elongation in iron and 
copper in 1857 [9]. Motivated by that work, Tomlinson confirmed this strain-induced 
change in conductivity and made measurements of temperature and direction depend-
ent elasticity and conductivity of metals under varied orientations of mechanical loads 
and electrical currents (Fig.  1) [10, 11]. Higson reviewed the development history of 
metal foil strain gauges, from their introduction in 1938 to 1964 [12].

In field strain tests, the measuring structure and the resistive element of the strain 
gauge have linear expansion coefficients. The strain gauge bonded on the surface of the 
measuring structure provides a thermally-induced apparent strain. Self-temperature-
compensation strain gauges are designed to adjust the resistive temperature coefficient 

Fig. 1  The change of resistance produced in different metals by hammering-induced strain [10, 13]
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of their resistive elements to match the linear expansion coefficient of the measuring 
objects, in order to  get thermally-induced apparent strain close to zero. For example, 
Kyowa’s SELCOM gauges [14] have been adjusted so that, when they are bonded to suit-
able measured materials, the average value of the apparent strain in the self-tempera-
ture-compensation range is within ± 1.8 μm/m per ℃. Figure 2 shows the apparent strain 
output of its strain gauges.

Developed in the 1950s as an outgrowth of work performed at Bell Laboratories on 
semiconductor devices for the electronics industry, semiconductor strain gauges were 
first described and popularized by Smith [15] and Mason et al. [16]. Unlike metal foil 
strain gauges (typical structure refers to Fig. 3a), semiconductor gauges (Fig. 3b) work 
on the principle of piezoresistance. Kulite Semiconductor and Microsystems developed 
commercial products in the late 1950s [17]. The gauges were bonded to metal flexural 
structures to make pressure sensors, load cells and accelerometers.

Fig. 2  Typical temperature characteristics of self-temperature-compensation metal foil strain gauges in 
Kyowa [14]

Fig. 3  Sketches of a metal foil strain gauge and b semiconductor strain gauge
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1.2 � Semiconductor strain gauge

Unlike a metal foil strain gauge, whose change in resistance is primarily linked to geo-
metrical changes, semiconductor strain gauges exhibit greater sensitivity (gauge fac-
tor > 100) [4], and  the  strain resolution less than 0.1 με can be expected [13]. While 
semiconductor based gauges are inherently brittle, manufactures typically guarantee 
their gauges to 3500 με in tension [18]. High strain sensitivity, rock-solid repeatability, 
and impressive reliability are the hallmark characteristics of semiconductor gauges; 
these very features make them the only choice for certain measurement problems, par-
ticularly for applications involving low strains, or high cycles, or very long (kilometers) 
lead wires. Additionally, since the gauges are single-crystal elements, they have no meas-
urable hysteresis or creep, which makes them attractive for long-term installations.

A semiconductor gauge’s change in resistance is affected by the average number of 
charge carriers and the average carrier mobility of the semiconductor [13], which means 
the gauge is also sensitive to temperature variations. In many cases, the resistance 
change due to temperature is higher than that of the desired signal. Compensation tech-
niques must be carried out since they are more sensitive to temperature than foil gauges.

A six-component wind tunnel balance using semiconductor strain gauges was pro-
duced in Military Technical Institute (VTI), Serbia [19–21]. The balance was designed 
specifically for high drag models requiring large starting and stopping loads. These tests 
were tens of seconds in duration and produced a small temperature change of approxi-
mately 1℃. The researchers concluded the balance worked well for this application, 
but they speculated that it would not be generally used, especially in wide temperature 
range. NASA Ames Research Center [22, 23] carried out direct measurements of skin 
friction in hypersonic impulsive scramjet experiments, based on a balance using semi-
conductor strain gauges. The balance measured the  wall shear stress in the range of 
450–1320 Pa in a scramjet flowfield at Mach 12–16 in a shock tunnel. Further, in order 
to minimize the effect of temperature, the cavity surrounding the gauges was filled with 
silicon oil. The Institute of Theoretical and Applied Mechanics in Russia [24] reported a 
miniature skin-friction semiconductor balance, which provided high sensitivity (≤ 10 g) 
and the necessary high frequency response. Again, the internal volume of the balance 
housing was sealed with oil, to protect the gauges from the  thermal effect of gases at 
tests in a high-enthalpy wind tunnel.

1.3 � Content in this work

In hypersonic wind tunnel experiments, the flow gas needs to be heated to elevated tem-
peratures and this generates heating of the aircraft and, hence, the balance and strain 
gauges located inside. Temperature influence becomes an important issue, and careful 
compensation for the temperature effect is necessary in this case. Otherwise, the error 
caused by temperature variations would cover the advantage of high strain sensitivity of 
the balance, and lead to very unreliable results.

This paper presents a three-component internal balance using a  novel semiconductor 
strain gauge, which has an on-chip full Wheatstone bridge configuration, and an external 
compensation circuit, for fine compensation of temperature effect. Static calibrations and 
Mach 12 wind tunnel experiments have been carried out. In order to quantify the measured 
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aerodynamic coefficients, the experimental results are compared with computational 
fluid dynamics (CFD) simulations, as well as reference wind tunnel results under similar 
conditions.

2 � Semiconductor balance
Compared to metal foil strain gauges that respond only to changes in geometry, semicon-
ductor strain gauges exhibit up to two orders-of-magnitude greater sensitivity. The fore-
most disadvantages associated with semiconductor sensors are high temperature sensitivity 
and poor long-term stability. The elimination of these artefacts requires a more compli-
cated conditioning circuit than metal foil strain gauges.

2.1 � Strain sensitivity of semiconductor strain gauge

As shown in Fig. 4, a typical semiconductor strain gauge consists of a planar p-doped resis-
tor with heavily p+ doped contacts. When the gauge is elongated in the x-axis, the electric 
conductivity (mobility and numbers of holes and electrons) decreases in that direction, and 
the resistance increases.

The electrical resistance (R) of a homogeneous structure is a function of its dimensions 
and resistivity (ρ):

where l is the length, and a is the average cross-sectional area.
The change in resistance �R/R due to applied stress is a function of geometry effects 

(1 + 2ν) and resistivity changes ( �ρ/ρ ) of the material:

The gauge factor (GF) is then:

where π is the piezoresistive coefficient and E is the elasticity modulus of the material.

(1)R =
ρl

a
,

(2)
�R

R
= (1+ 2v)ε +

�ρ

ρ
= (1+ 2v + πE)ε.

(3)GF =
�R/R

ε
= 1+ 2v + πE,

Fig. 4  A cross-section of a semiconductor strain gauge
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The cross-sectional area of a bulk material reduces in proportion to the longitudinal 
strain by its Poisson’s ratio, ν, which ranges from 0.20 to 0.50 for most metals, and 0.06 
to 0.36 for semiconductive silicon [25, 26]. Geometrical effects alone provide a GF of 
approximately 1.4 to 2.0, and the change in πE , for a metal is small — on the order of 0.3. 
However, for semiconductive silicon, π = (40 ~ 80) × 10–11 m2/N, E = 1.76 × 1011 Pa [27], 
and πE is 50 ~ 100 times larger than the geometric term 1 + 2ν. So the GF for the semi-
conductor strain gauge is:

2.2 � Temperature sensitivity and compensation technique

It is well documented that semiconductive resistors are highly sensitive to temperature 
and need to be calibrated over a wide temperature range in order to ensure accurate 
strain predictions. Figure 5a shows an apparent strain output VS temperature of a typical 
semiconductive resistor. This figure shows that this resistor has a positive temperature 
coefficient of resistance (TCR), and its response to temperature is an order of magnitude 
(≈ 17 ×) greater than the gauge response to applied strain.

Furthermore, the gauge factor decreases with temperature for the semiconduc-
tive resistors. Much of the drop in sensitivity with increased temperature is the result 
of the large, positive TCR of semiconductive silicon, causing the gauge resistance (R) 
to increase significantly, thus decreasing the apparent sensitivity (∆R/R). Figure  5b 
shows the gauge factor curve for the semiconductive resistor varying with different 
temperatures.

In many cases, the resistance change due to temperature is higher than that of the 
desired signal. The most common temperature compensation techniques in the semi-
conductor strain gauge use identical resistors in a Wheatstone bridge configuration. Co-
fabricated resistors of the same design exhibit similar temperature dependence; besides, 
a tunable resistor R0 is also placed in the bridge to precisely adjust the balance of the 
bridge. Therefore, the zero output of a compensated Wheatstone bridge remains con-
stant with temperature changes.

Since all semiconductor gauges have a positive TCR and a negative temperature coef-
ficient (TC) of gauge factor, the change of gauge factor with temperature can be com-
pensated by increasing the bridge supply voltage in proportion to the loss in sensitivity. 
This is accomplished by inserting low-TCR, fixed resistors Rs in series with bridge power 

(4)
GF = πE ≈ 70 ∼ 140.

Fig. 5  a Apparent strain and b gauge factor versus temperature
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leads. In this circuit, the bridge is considered as a single, variable resistor with a positive 
TCR, and the circuit acts like a voltage divider. By choosing the ratio of series resistance 
to bridge resistance equal to the ratio of bridge TCR to TC of gauge factor, the increase 
in bridge voltage resulting from the positive bridge TCR can be made to offset the drop 
in bridge sensitivity caused by the negative TC of gauge factor. It is a usual practice to 
insert one-half of Rs into each of the two power leads, although this is not a requirement.

The schematic of temperature compensation circuit (Fig.  6a) for the semiconductor 
strain gauge (Fig. 6b) is shown below.

The variations of the output drift and the gauge factor with temperature of the semi-
conductor strain gauge before and after compensation are shown in Figs. 7a and b, and 
those of metal foil strain gauges are also shown drawn for comparison.

As can be seen from Fig. 7a, in the temperature range of 10 ~ 100℃, the output drift of 
the semiconductor strain gauge without temperature compensation is about 7 mV, and 
it reduces to 0.25 mV after compensation. The drift of metal foil strain gauge is about 
0.1  mV. The compensation technique reduces the output drift of the semiconductor 
strain gauge by about 30 times, which is only about 2.5 times that of the foil gauge.

From Fig. 7b one can find that, as temperature increases, the gauge factor of the semi-
conductor strain gauge decreases with a coefficient of −0.246/℃ before compensation. 
The coefficient reduces to −0.014/℃ (10 ~ 70℃) and −0.062/℃ (70 ~ 100℃) after com-
pensation. Although the compensation reduces the gauge factor of the semiconductor 
strain gauge from 138 (@ 10℃) to 92, it is still much higher than that of the foil counter-
part, which is about 2.

Fig. 6  a Schematic circuit of temperature compensation for b the semiconductor strain gauge

Fig. 7  a Output drift and b gauge factor variations of the semiconductor strain gauge before and after 
temperature compensation, as well as those of foil strain gauge
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2.3 � Semiconductor balance configuration

Based on the new developed semiconductor strain gauges, a three-component semicon-
ductor balance was fabricated. The gauges were installed on the balance by means of 
adhesive, and the surface of the gauge was coated with epoxy resin and silica gel, to iso-
late any external environment interferences such as humidity and light (Fig. 8a). Twelve 
semiconductor gauges were arranged on the flexural beams of the balance, to convert 

Fig. 8  Three-component semiconductor balance: a drawing of the balance, with a photo of the gauge 
after installation in the upper left, and a sketch of the installation in the lower right, b diagram of the balance 
marked with positions of the gauges, and c overall photo of the balance
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the strain (and hence, the applied aerodynamic loads) to electrical outputs, as depicted 
in Fig.  8b, where the axial force (FA) was measured by the gauges 5  –  12, the normal 
force (FN) and the pitching moment (Mz) were measured by the gauges 1 – 4. Figure 8c 
shows a photo of the balance used in this work.

2.4 � Balance static calibration

A force balance needs a careful calibration before wind tunnel experiments. Table  1 
shows the calibration performance of the semiconductor balance. The repeatability pre-
cisions of all components are better than 0.2% FS, and the accuracies are better than 
0.3% FS, which reach the qualified indicators stipulated in the national standard [28].

3 � Experimental procedure
The aerodynamic force measurements were carried out in the Φ0.3 m hypersonic low 
density wind tunnel in China Aerodynamics Research and Development Center. This 
tunnel is a blowdown wind tunnel consisting of an expansion nozzle with a large expan-
sion ratio, a vacuum chamber as a test section, and a vacuum pumping system to allow 
operation at low ambient pressure. It is possible to accelerate the test gas to a high Mach 
number between 5 and 24. Figure 9 shows an overall view of the wind tunnel.

Tunnel model was supported by a tail sting mounted on a pitch apparatus in the test 
section, as shown in Fig. 10. A Hypervelocity Ballistic correlation model 2 (HB-2) model 
was used in this work, all dimensions of the model are defined in terms of the forebody 

Table 1  Calibration performance of the semiconductor balance

FA FN Mz

Designed load 800 g 800 g 2400 g∙mm

Designed strain 50 με 50 με 50 με

Zero drift (30 min) 0.01% FS 0.07% FS 0.08% FS

Hysteresis creep (30 min) 0.15% FS 0.11% FS 0.10% FS

Repeatability precision 0.06% FS 0.09% FS 0.16% FS

Accuracy 0.21% FS 0.17% FS 0.29% FS

Fig. 9  The Φ0.3 m hypersonic low density wind tunnel



Page 10 of 16Qiu et al. Advances in Aerodynamics            (2023) 5:29 

diameter D = 40 mm, and the angle of attack (AoA) was set from −4° to +8°, with a step-
wise way of 2°.

In Table 2, the operating parameters of the tunnel are tabulated. A nominal Mach 12 
nozzle was used in this experiment, and the freestream Mach number Ma was calibrated 
to be 12.7. The average stagnation temperature T0 and pressure P0 were 600  K and 
2.0 MPa respectively, the unit Reynolds number ReL was calculated to be 2.26 × 106/m, 
and the Reynolds number Re based on the model length was 4.44 × 105. In order to pre-
vent gas condensation, dry pure nitrogen was used as the flow medium.

4 � Experimental results
For the wind tunnel experiments, the three-component balance outputs corresponding 
to the total axial force FA, normal force FN, and pitching moment Mz were converted to 
the aerodynamic coefficient CA, CN and CMz, by dividing the dynamic pressure and refer-
ence area S = 0.001257 m2, as well as the reference length L = 0.196 m for the pitching 
moment coefficient.

Eight wind tunnel runs have been performed. Tables 3 and 4 were the averaged opera-
tion parameters and measured aerodynamic coefficient repeatability, respectively.

In the wind tunnel experiments, the HB-2 model was set into the hypersonic flow field 
after the flow became stable, the nominal AoA was increased in a stepwise way from −4° 
to +8° in an interval of 2°. Figure 11 shows the output signal of the semiconductor bal-
ance during one wind tunnel run over a 200 s test period.

Fig. 10  HB-2 model in the test section

Table 2  Wind tunnel operating parameters

Ma T0 (K) P0 (MPa) Re (× 105) AoA (°) Flow medium

12.7 600 2.0 4.44 −4° ~ 8° N2
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Table 3  Averaged operation parameters of the eight wind tunnel runs

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

T0 (K) 598 598 599 598 599 599 599 598

P0 (MPa) 1.980 2.002 2.020 2.030 2.018 2.000 2.000 2.030

Table 4  Measured aerodynamic coefficient repeatability of the eight wind tunnel runs

CA CN CMz Xcp

2.39% FS 1.16% FS 1.45% FS  ± 0.0025

Fig. 11  Balance output during wind tunnel run

Fig. 12  Flow visualization results of the HB-2 model: glow discharge image (upper), and CFD simulated 
density contour (lower)
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Figure  12 shows a flow visualization image of the HB-2 standard model of 0° AoA, 
using glow discharge technology [29]; as a comparison, the result of the laminar compu-
tational fluid dynamics (CFD) simulation under the experimental condition is also pre-
sented. In hypersonic rarefied flows, traditional optical visualization technologies, such 
as shadowgraph, schlieren and interferometric methods are no longer applicable, due to 
low density of the flow stream. In the present experiments, a high frequency AC elec-
tric power was used to excite glow plasma in the flowfield. The intensity of the plasma 
depends on the density of the gas and can be photographed as flow visualization. The 
CFD simulation was implemented by the  commercial software CFD++ , the grid size 
was ca. 0.1 million, and the first cell height was 10 μm, to ensure the non-dimensional 
wall distance y+ approaches the order of 1; adiabatic wall and non-slip conditions were 
imposed on the HB-2 model surface. The experimental image and the CFD density con-
tour were found to be in good agreement.

The comparison results of the aerodynamic coefficients between the experiments 
and CFD simulations, as well as reference results measured from the Φ1 m hypersonic 
low density wind tunnel (FD17A) under the condition of Ma = 12.33, P0 = 9.372 MPa, 
T0 = 1300 K, and Re = 2.77 × 106, are illustrated in Fig. 13. The error bars show the stand-
ard deviation of the eight wind tunnel runs. It can be seen that the experimental results 
generally agree well with the  CFD predictions and the  reference FD17A wind tunnel 
results.

The repeatability of the CA measurements was not good as other components, 
and  the main reason was suspected to be the temperature gradient effect. The axial 
component as a whole, being a parallelogram construction with a model at the front 

Fig. 13  Comparisons of aerodynamic coefficients, a CA, b CN, c CMz and d Xcp. Error bars show the standard 
deviation of the eight runs
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and a sting at the rear, is significantly affected by temperature gradient during hyper-
sonic flow blows. That is, (1) varying temperatures on the parallelogram beam will 
cause the beam to bend and thus produce real strain; (2) the full Wheatstone bridge 
on the semiconductor strain gauge will produce output drift due to inhomogeneous 
temperatures.

The CA was also found to be different from the CFD prediction or the FD17A meas-
urement. For hypersonic rarefied aerodynamics, the accuracy of axial force prediction 
is generally poor, which may relate to model temperature, wall slip, viscosity effects, 
etc. In order to accurately predict the CA value, it is necessary to suppress the tem-
perature gradient effect of the axial force element of the balance, as well as accurately 
simulate the wall temperature ratio of the model.

For hypersonic wind tunnel aerodynamic experiments, the measurement accuracy 
is affected by model fabrication, balance calibration, wind tunnel operation, data 
acquisition and processing, etc., but the main error comes from the non-uniformity 
of the wind tunnel flowfield [30, 31]. The influence of flowfield non-uniformity on the 
aerodynamic coefficients is relatively complex. In order to simplify the analysis, only 
the influence of the axial gradient of the Mach number is considered. The results are 
shown in Fig. 14, where the average Mach number in the uniform area of the flowfield 
was used for the experiments, and the Mach numbers at the head and tail positions 
of the model were used for the head limit and tail limit, respectively. The deviation 
between the two limits was about 3.73%.

Fig. 14  The influence of flowfield non-uniformity on the aerodynamic coefficients, a CA, b CN, and c CMz
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5 � Conclusion
In this work, a novel force balance based on temperature compensated semiconductor 
strain gauges was developed. The gauge factor of the semiconductor strain gauge was 
about 46 times larger than that of the traditional metal foil gauge, and the tempera-
ture sensitivity was carefully eliminated by temperature compensation. In the range of 
10 ~ 100℃, the output drift of the semiconductor strain gauge was reduced by about 
30 times (2.5 times of the foil gauge), and the temperature coefficient of the gauge fac-
tor was reduced from −0.246/℃ to −0.014/℃.

This balance was calibrated and tested in the Φ0.3 m hypersonic low density wind 
tunnel, using a HB-2 standard model in a Mach 12 hypersonic flow. The static accu-
racy of the balance was calibrated better than 0.3% FS. The wind tunnel results have 
good repeatability of 2.5% FS, and agree generally well with laminar CFD simulations 
and reference wind tunnel results under similar conditions.

The following are the main observations drawn from this work:

•	 After careful temperature compensation, the  high strain sensitivity of the semi-
conductor balance is maintained, while the server temperature drift is suppressed.

•	 The results from the Mach 12 wind tunnel tests show that, the semiconductor bal-
ance can be applied to hypersonic aerodynamic experiments.

•	 The repeatability of CA is still poor, as compared with CN and CMz, and the main 
reason is suspected to be the temperature gradient effect, requiring further verifi-
cation and improvement.
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