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Abstract

Sensors and new materials can support optimised concrete maintenance, and produce the data needed to justify
new, low carbon structural designs. While these technologies are affordable, the process of manual installation in a
construction context comes with acute and unfamiliar risks to productivity, personnel safety, and confidence in the
quality of workmanship. The installation of smart materials using robotics could address some of these issues, but
there are few proofs-of-concept at the time of writing. Here, we present a robotically controlled process for spray
coating geopolymers — a class of self-sensing concrete repair materials. By tuning mix design, robotic toolpaths and
spray dispenser parameters, we show reliable and automated spray coating of 250 mm2 patches in a laboratory setting.
The cured geopolymer has a compressive strength of 20 MPa, and a bond strength to the concrete substrate of 0.5 MPa.
Electrical interrogation of patches, via a set of four electrodes, produces strain and temperature measurements of the
underlying concrete substrate with resolutions of 1µε and 0.2◦C, respectively. This demonstration multifunctional
material deposition using robotics is a step towards remote, traceable, and low-risk technology deployment across
civil engineering sectors. This could support more widespread adoption of novel concrete health monitoring and
repair systems in future.

Keywords: Robotic sensing, multifunctional materials , skin sensors, alkali-activated materials, metakaolin,
structural health monitoring

1. Introduction

The infrastructure of developed nations is increas-
ingly being supported by deteriorating concrete struc-
tures [1–3]. Asset managers are struggling to optimise
concrete maintenance, and despite a tendency to overde-
sign [4], concrete structures are failing more frequently,
and costing more time and resources to recover [5, 6].

These challenges can be partly addressed with in-
formed, pro-active maintenance, and improved struc-
tural design [7], but this demands knowledge of real-
time structural performance. Modern sensors and self-
sensing materials can capture the required data, but their
use in construction remains uncommon. This is because
monitoring technologies:

• Bear a high cost: the sensors themselves are af-
fordable, but their installation campaigns pose sig-
nificant labour costs, risks to productivity, and
risks to personnel.

• Deliver uncertain returns: sensor repeatability and

robustness are largely dependant on the quality of
workmanship during installation [8]. This is a
problem: humans frequently make mistakes [9],
and are poor at remembering those mistakes [10].
This has a pronounced impact on our confidence in
using sensor data to make design and maintenance
decisions, and could harm industry’s image of oth-
erwise promising technologies [11–13].

In future, robotics could tackle these issues by de-
livering remote, repeatable, traceable sensor installation
at a fixed cost, even in harsh environments. To begin
showing that this is feasible in a construction context,
this paper outlines a proof-of-concept system for robot-
ically spray-coating a self-sensing material, known as a
geopolymer, onto concrete surfaces.

Geopolymers are a class of curable, alkali-activated
materials that exhibit similar mechanical properties to
ordinary Portland cement: there is an abundance of lit-
erature on their use as fire- and chloride- resistant con-
crete repair and coating systems [14–20]. Geopolymers
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also exhibit a reasonably high electrolytic conductivity
(10−6–10−3 S/cm) due to free metallic ions in their ma-
trix [21–25], and this has allowed them to be used as
sensors for concrete strain, temperature and moisture
[26–31]. Conventional alternatives to geopolymer for
this application are mostly based on epoxies or OPC
grouts laced with carbon or metallic additives (powders,
fibres, nanoparticles) [32–34]. The main disadvantages
of these compared to geopolymers include [35–37]:

• they tend to have a larger carbon footprint

• solutions employing metallic additives are prohib-
ited by British and European standards as they can
lead to electrochemical cells with rebar and induce
corrosion

• solutions employing nanoparticles are not cur-
rently scalable.

Nevertheless, the robotic spray-coating method de-
veloped in this work could also be utilized for auto-
mated deployment of these materials.

Additive manufacturing methods have been explored
as a deployment method for geopolymers [38–41].
Robotics may provide a more flexible method of au-
tomation, with increased area and multi-orientation de-
position. This is more suitable for in-situ applica-
tions to damaged structures, whereas additive manu-
facturing may be more suited to pre-cast manufactur-
ing. It is worth noting, that both methods are vi-
able solutions for automated deployment of geopoly-
mers. Manually spray-coated geopolymers have previ-
ously been demonstrated as repairs and coatings [42–
44], but to our knowledge, this is the first time that
the automated spray-coating of geopolymer skin sensors
has been demonstrated.

2. Materials and methods

2.1. Robotic spray coating process overview
The robot setup and procedure for geopolymer spray-

coating are summarised in Figure 1 and Figure 2, re-
spectively. The spray coater, mounted to the end of the
six axis robot, is comprised of a progressive cavity ex-
truder followed by an atomiser. The use of this dispens-
ing method ensures precise and repeatable low-flow-rate
spraying of high viscosity media. Geopolymer is fed
into the screw cavity from a dispenser fit with air sup-
ply pressure of 1 bar. This ensures material flow into the
screw cavity regardless of sprayer orientation.

Figure 1a) shows the attachment of the spray dis-
penser to the robot and defines the x, y and z axes for

toolpath control. An infrared sensor, attached to the
robot head, is connected to the robot’s input to con-
trol the proximity, P = [3 cm, 40 cm], between the spray
nozzle and concrete substrate. As outlined in Figure 2,
proximity is defined as a customisable user input, as is
the data for the geometry of the square patch (its width,
W and thicknessH), the robot head speed S and the dot
size of spray, D. As illustrated in Figure 1b), the spray
coating process is made up of fast, sweeping motions
repeated over a number of spray coating layers, L.

Patches are robotically sprayed onto Ordinary Port-
land Cement (OPC) based concrete blocks, with a mix
design of 10.5 kg sand, 13.35 kg of 10 mm aggregate,
7.5 kg OPC and 3.375 litres of water. The cubes are then
cured for 28 days at room temperature submerged in a
water tank, as per British-European standards. Metal
electrodes are inserted into the geopolymer patches af-
ter spraying to allow for electrical impedance measure-
ments post curing. Patches are then thermally cured at
40◦C for 24 hours to accelerate the curing process.

2.2. Geopolymer mix design

Geopolymers are formulated by mixing an alumi-
nosilicate precursor (such as metakaolin: china clay,
calcined at temperatures of 550 – 850◦C), with an al-
kaline activator solution (comprised of e.g. a sodium
hydroxide and sodium silicate solution mix) [45, 46].
Upon mixing, a series of geopolymerisation reactions
result in a workable binder that cures within 1–3 days
at an elevated temperature of 40◦C [30, 47], forming a
strong bond with concrete substrates [48].

The mix design for the metakaolin geopolymer used
throughout this work is outlined in Table 1. This mix
defines many of its properties, from its behaviour dur-
ing spraying, adhesion to the concrete substrate [49],
ability to self-level, electrical conductivity [26] and me-
chanical strength [50]. At the time of writing, there are
no accepted guidelines on geopolymer mix design. As
such, trial and error was used to tune the mix design
in this work, with the aim of targeting sprayability and
coating integrity during curing.

Kaolin sourced from the Southwest of England, UK
with 47% SiO2, 38% Al2O3 and mean particle size
2µm was calcined at 800 ◦C for 2 hours to produce
a metakaolin precursor [53]. The full process is pro-
vided in our previous work [54]. The properties of the
metakaolin in this work, gained from an X-ray powder
diffraction (XRD) test, are given in Table 2.

Metakaolin was chosen over other aluminosilicate
precursor options (e.g. fly-ash, blast furnace slag) as its
more consistent particle size provides more repeatable
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Figure 1: a) Attachment of spray dispenser to robot head, with axis direction labelled. b) Concrete patch showing the toolpath used for spray
coating.

Figure 2: Flow chart outlining the automated spray coating procedure.

Table 1: Geopolymer mix design.

Material Wt%

Metakaolin 39.3
PVA fibres (3 mm Length)
[51, 52]

0.1

Sodium silicate solution 40.4
Sodium Hydroxide solution
(10 M)

20.2

Table 2: Metakaolin properties

Mineral (metakaolin powder) Wt%

Amorphous content 87.0
Muscovite mica 9.5
Rutile 0.9
Quartz 2.6
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wet and cured properties during experimental optimisa-
tion [30].

The alkaline solution was a 2:1 ratio mix of sodium
silicate to 10 M sodium hydroxide. The viscosity (and
hence sprayability) of the material will mainly be gov-
erned by the solid/liquid (metakaolin/alkaline solution)
ratio. Through a testing matrix, we identified that a
solid/liquid ratio of 0.65 was most suitable for the parti-
cle spray dispenser described in Section 2.1.

2.3. Geopolymer additives
Previous work has shown that a moisture deficit

within a curing geopolymer can cause cracking due to
shrinkage [55], while excess water can lead to reduction
of strength and efflorescence [14]. In most applications,
water theft from the geopolymer into the concrete is the
main issue. Common shrinkage reduction techniques
include the addition of polypropylene or polyvinyl ac-
etate (PVA) fibres [56–58], sand [59–61] or nano-TiO2

particles [62]. In this work, several of these options
were tried:

• at the reduced scale of our experiment, sand leads
to clogging of the spray dispenser;

• replacing up to 0.5% of the solid content with
colloidal silica nanoparticles was ineffective, as
gelling of the particles caused misshapen patches
after curing;

• PVA fibres [51, 52] (0.1% by mass) were found
to reduce shrinkage cracking without deleterious
effects on spray coating.

To further counteract issues with water theft from the
geopolymer, the concrete substrate was pre-wetted prior
to spraying and samples were sealed to maintain an ade-
quate moisture content during curing. At a larger scale,
additives such as sand would be able to counteract dry-
ing shrinkage, negating the requirement to prewet the
concrete or seal the samples.

2.4. Sensing principle
Geopolymer sensing works on the principle of mea-

suring changes in the electrical impedance, ~Z, of a
geopolymer layer in response to measurands of inter-
est. As illustrated in Figure 3a, the impedance is found
by measuring the voltage response, ~V of the layer in
response to an alternating (ac) current excitation, ~I , of
frequency, f , i.e. ~I = sin(2πft):

~Z =
~V

~I
=
V

I
ei(φV −φI) = Zei(φV −φI). (1)

Here φV − φI = 360f∆t is the phase (or time) off-
set between the measured voltage and applied current,
i =
√
−1, and V , I and Z are the magnitudes of volt-

age, current and impedance, respectively. Figure 3b
shows a typical Nyquist plot for a spray coated patch,
demonstrating the real and imaginary components of
the impedance for various frequencies in the range
f=[10 Hz, 1 MHz]. As geopolymers exhibit a capaci-
tance, current lags voltage and the imaginary compo-
nent of the impedance is negative.

A detailed explanation of how geopolymer
impedance can be linked to measurands can be
found in our previous work [31]. To summarise, the
sensor’s response to strain, ε and temperature, T , can
typically be deduced from shifts in the magnitude
of impedance, ∆Z, at a single ac frequency. The
characterisation equation takes the form [63]:

∆Z

Z0
=
Z − Z0

Z0
= kεε+exp

(
kT1

T
− kT2T + kT0

)
, (2)

where Z0 is an arbitrary baseline impedance magnitude
(taken at zero strain and ambient temperature) used to
normalise for variations in geometry or baseline con-
ductivity between sensor patches. Parametric constants
kε, kT1, kT2, kT0 are found through characterisation.

In this work, the 4-electrode setup shown in Figure 4
was used to assess the impedance of spray coated
patches in response to temperature and an applied strain.
This 4-electrode Van der Pauw configuration [64] is
chosen as it reduces the influence of wire and contact
resistances, and the interfacial stresses between elec-
trodes and geopolymer exerted on the patches during
curing. As patches are sensitive to strain, temperature
and moisture, they will require compensation with ref-
erence sensors when deployed in the field.

2.5. Thermal and mechanical characterisation

Cured patches were placed in an environmental
chamber and cycled between 10 ◦C and 30 ◦C in steps
of 5 ◦C to characterise the sensor response to tempera-
ture. Samples were held at each temperature for 2 hours
to ensure thermal equilibrium of the concrete while the
electrical impedance was measured.

Patches were also tested under compressive load, as
shown in Figure 5 a). Uniaxial compressive forces of up
to 8 kN were applied to the host concrete cube in steps
of 2 kN.

Experiments were also carried out to determine the
compressive strength of the geopolymer mix design it-
self, and its adhesion strength to the concrete substrate.
Cubes of the same geopolymer paste mix (side length
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Figure 3: a) Applied voltage, Va and measured current, Im of a geopolymer at 1 Hz applied sinusoid. b) Nyquist plot of a geopolymer patch.

Figure 4: 4-electrode setup used in this work, with applied voltage Va

and measured current Im labelled.

30 mm) were cast and placed under compressive test-
ing during a 28 day period to assess strength evolution.
Pull-off adhesion tests (illustrated in Figure 5 b)) were
performed on geopolymer patches according to standard
BS EN 1542-1999 to determine the adhesion strength.

3. Results and discussion

3.1. Robotic deposition

Square patches of width, W = 50 mm and thickness
H = 2 mm were robotically spray coated onto concrete
substrates. An example patch is shown in Figure 6.
Variables of spray coating, listed in Table 3, were op-
timised for this given patch geometry and the material
mix design listed in Section 2.2. Table 3 lists the pa-
rameters used in this work and also describes how each
variable can affect the robotic spray coating process: it
shows, for example, that increased robot head speeds
may require increased flow to ensure constant patch
thickness. As depicted in Figure 1b), the spray coat-
ing process is made up of fast, sweeping motions and a
large number of layers (L ≥ 10). This approach pro-
vides a more thorough coating of the substrate and al-

Figure 5: a) Compression and b) adhesion bond strength experimental
set-ups.

lows small holes within the concrete surface to be filled
with material.

Using the values listed in Table 3, we can achieve re-
liable spray coating of 50 mm × 50 mm patches within
3 minutes. The patches in this work were relatively
small, simply to stay within the bounds of our exper-
imental rigs. While the thickness of patches was uni-
form, from Figure 6 it is clear that patch edges are not
precisely deposited. This is due to the random nature
of the spraying process. The impact would be less pro-
nounced for larger patches, required for sensing struc-
tures in the field, and could be improved in future work
by completely coating faces, or by masking edges.

3.2. Mechanical properties

Cube strength results of the geopolymer mix are
shown in Figure 7 over a 28 day period. This is follow-
ing a 24 hour period at 40◦C to accelerate curing. Day
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Table 3: Equipment variables that effect patch characteristics.

Variable Chosen value Effect on patch

Spray pressure ≈ 0.2 bar Higher pressure causes “hollow circle” and displaces material,
causing uneven patch surfaces

Pump volume flow 0.4 ml/min High flow rates increase material flow, thus increasing patch
thickness

Proximity 1 cm (6 cm for sen-
sor)

Closer proximity can cause “hollow circle”, decreases spread of
spray

Robot speed & acceleration 1 m/s & 1 m/s2 Higher speed/acceleration decreases patch thickness
Nozzle diameter 0.5 mm Larger nozzle increase spread of spray

Figure 6: Sprayed 50 x 50 mm patch on concrete.

1 therefore represents the compressive strength subse-
quent to this curing period. Three samples were tested
on each day, with the standard deviation in results repre-
sented by the error bars in Figure 7. After 28 days, this
mix reaches a 20 MPa compressive strength. This meets
the standard BS EN 1504:1999 for non-structural con-
crete repairs (≥ 15 MPa). The mechanical strength of
the geopolymer material is not the focus of this research.
As discussed, in order to obtain sprayability of the ma-
terial, a low solid/liquid ratio is required. This reduces
the compressive strength of the material (due to the ex-
cess water in the solution) to lower than conventional
metakaolin geopolymers pastes, which can achieve up
to 52 MPa [65].

Adhesion bond strength (Figure 5 b)) tests were car-
ried out on multiple patches, providing a mean strength
of 0.5 MPa ± 0.1 MPa. This is slightly less than the
BS EN 1504-1999 requirements of ≥ 0.8 MPa. Re-
duced adhesion may be the result of the need to pre-
wet concrete substrates prior to spraying, to reduce dry-

Figure 7: Compressive strength results for the mix design in this work.
Bars show the mean and repeatability of strength results found based
on 3 samples at each day.

ing shrinkage for our lab scale mix. This reduces pen-
etration of the mix into the concrete. A large scale
spray coater capable of spraying mixes containing sand
would be able to self-control its shrinkage such that pre-
wetting of the concrete is not required. Furthermore,
sandblasting of the concrete surface prior to deployment
could also improve adhesion.

3.3. Temperature sensing

Figure 8 shows the fractional shift in impedance re-
sponse as a function of temperature, with the 95% con-
fidence interval based on 5 samples represented by the
shaded region. Here, the baseline impedance, Z0, is de-
fined as the impedance at 20◦C and an ac current fre-
quency of 500 Hz. A fit using the temperature depen-
dence equation (2) was applied. The fit parameters and
their standard errors can be found in Table 4. The pre-
cision of the temperature measurement is δT = 0.2◦C.

As shown, patch impedance response to temperature
follows the exponential dependence outlined in Equa-
tion 2, with the largest variance at lower temperatures.
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Figure 8: Sensor response vs temperature, with 95% confidence inter-
val shown as a shaded region based on 5 samples.

As temperature increases, ion migration in the mate-
rial is accelerated, causing an exponential decrease in
impedance [31].

3.4. Strain sensing

The patch-sensor response to applied strain on the
concrete cube is shown in Figure 9. The 95% confi-
dence interval is represented by the shaded region and
error bars represent experimental errors. Applied force,
F has been converted into an applied strain, ε via:

ε =
F

EA
, (3)

where E = 20 GPa is the Young’s Modulus of con-
crete and A = 0.01 m2 is the cross-sectional area of the
concrete cube. Strains have been kept low (<100 µε)
to ensure the concrete remains within its linear elas-
tic region. Increasing this applied strain will cause a
non-linear response in both concrete and geopolymer,
which makes analysis more difficult. Geopolymers will
therefore crack along with the concrete at these higher
strains, causing large increases in impedance.

As shown in Figure 9, the fractional shifts in sensor
response are linear under small mechanical loads, with
a goodness of fit of R2 = 0.9998. It can be assumed
that the applied compressive stress hinders the migra-
tion of ions in the material, causing a linear increase in
impedance. The fit parameters and their standard errors
can be found in Table 4. The strain constant of propor-
tionality is Ke = 2 × 104 and this leads to an approx-
imate strain resolution of 1 µε. It is worth noting that
the precision of the strain measurement will be lower in
field conditions, as other measurands affecting the patch
(e.g. moisture, chloride etc.) will vary and require mea-
surement to allow for compensation, something which

Figure 9: Sensor response vs applied strain, with 95% confidence in-
terval shown as a shaded region based on the linear fit. Error bars
show the standard deviation in sensor response, found over three re-
peat tests.

Table 4: Characterised temperature and strain sensitivities for use with
equation 2

Parameter Value Standard Error
kT1 -0.023 0.001
kT2 1.8 0.3
kT0 0.35 0.03
kε 2×104 500

itself bears an error. Compensation for these measur-
ands using a second reference sensor may be required
for long-term applications in field conditions. Experi-
mental errors are large. Possible sources of error are:
varying sensitivity to force caused by inconsistencies in
concrete and geopolymer properties between samples
(volume, number of aggregates, density etc.), varying
adhesion strengths, and uncompensated fluctuations in
humidity during testing. These sources of error will be
investigated further in future work.

4. Conclusion

This paper demonstrates, for the first time, the
feasibility of robotically spray coating a self-sensing
geopolymer material onto concrete substrates. The me-
chanical properties of the designed mix and its ability
to measure both temperature and strain were outlined.
Conducting this demonstration at lab scale has imposed
challenges: shrinkage of the geopolymer binder had to
be controlled without the addition of sand, and the small
scale led to imprecision at the edges of the patches.
Scaling the process up in future work should allow us to
circumvent both of these issues. This work represents
our first step in converting the unknown, unchecked hu-
man errors and costs associated with sensor/novel ma-
terial installation into traceable and repeatable robotic
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errors. We cannot yet guarantee that uncertainties will
be reduced using robotics, but we can at least begin to
ensure that uncertainties are consistent, traceable and
quantified.
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