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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 1 µε 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 increasingly being supported by deteriorating concrete structures [1–3]. Asset managers are struggling to optimise
concrete maintenance, and despite a tendency to overdesign [4], concrete structures are failing more frequently,
and costing more time and resources to recover [5, 6].
These challenges can be partly addressed with informed, pro-active maintenance, and improved structural design [7], but this demands knowledge of realtime structural performance. Modern sensors and selfsensing 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 affordable, but their installation campaigns pose significant labour costs, risks to productivity, and
risks to personnel.
• Deliver uncertain returns: sensor repeatability and
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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 otherwise promising technologies [11–13].
In future, robotics could tackle these issues by delivering 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 robotically 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 literature on their use as fire- and chloride- resistant concrete 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 matrix [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]:

toolpath control. An infrared sensor, attached to the
robot head, is connected to the robot’s input to control 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 thickness H), 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 Portland 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 after spraying to allow for electrical impedance measurements post curing. Patches are then thermally cured at
40◦ C for 24 hours to accelerate the curing process.

• they tend to have a larger carbon footprint
• solutions employing metallic additives are prohibited by British and European standards as they can
lead to electrochemical cells with rebar and induce
corrosion
• solutions employing nanoparticles are not currently scalable.
Nevertheless, the robotic spray-coating method developed in this work could also be utilized for automated 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 automation, with increased area and multi-orientation deposition. This is more suitable for in-situ applications to damaged structures, whereas additive manufacturing may be more suited to pre-cast manufacturing. It is worth noting, that both methods are viable solutions for automated deployment of geopolymers. Manually spray-coated geopolymers have previously 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.

2.2. Geopolymer mix design
Geopolymers are formulated by mixing an aluminosilicate precursor (such as metakaolin: china clay,
calcined at temperatures of 550 – 850◦ C), with an alkaline 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 during spraying, adhesion to the concrete substrate [49],
ability to self-level, electrical conductivity [26] and mechanical 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% Al2 O3 and mean particle size
2 µm was calcined at 800 ◦ C for 2 hours to produce
a metakaolin precursor [53]. The full process is provided 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

2. Materials and methods
2.1. Robotic spray coating process overview
The robot setup and procedure for geopolymer spraycoating are summarised in Figure 1 and Figure 2, respectively. The spray coater, mounted to the end of the
six axis robot, is comprised of a progressive cavity extruder followed by an atomiser. The use of this dispensing 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 supply pressure of 1 bar. This ensures material flow into the
screw cavity regardless of sprayer orientation.
Figure 1a) shows the attachment of the spray dispenser to the robot and defines the x, y and z axes for
2

Figure 1: a) Attachment of spray dispenser to robot head, with axis direction labelled. b) Concrete patch showing the toolpath used for spray
coating.

Table 1: Geopolymer mix design.

Material

Wt%

Metakaolin
PVA fibres (3 mm Length)
[51, 52]
Sodium silicate solution
Sodium Hydroxide solution
(10 M)

39.3
0.1
40.4
20.2

Table 2: Metakaolin properties

Figure 2: Flow chart outlining the automated spray coating procedure.
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Mineral (metakaolin powder)

Wt%

Amorphous content
Muscovite mica
Rutile
Quartz

87.0
9.5
0.9
2.6

Here φV − φI = 360f ∆t is the phase (or time) offset between
the measured voltage and applied current,
√
i = −1, and V , I and Z are the magnitudes of voltage, 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 capacitance, current lags voltage and the imaginary component 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
kT 1
∆Z
− kT 2 T + kT 0 , (2)
=
= kε ε+exp
Z0
Z0
T

wet and cured properties during experimental optimisation [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 governed 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 particle 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 acetate (PVA) fibres [56–58], sand [59–61] or nano-T iO2
particles [62]. In this work, several of these options
were tried:

where Z0 is an arbitrary baseline impedance magnitude
(taken at zero strain and ambient temperature) used to
normalise for variations in geometry or baseline conductivity between sensor patches. Parametric constants
kε , kT 1 , kT 2 , kT 0 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 electrodes and geopolymer exerted on the patches during
curing. As patches are sensitive to strain, temperature
and moisture, they will require compensation with reference sensors when deployed in the field.

• 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 adequate moisture content during curing. At a larger scale,
additives such as sand would be able to counteract drying shrinkage, negating the requirement to prewet the
concrete or seal the samples.

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 temperature. 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 itself, and its adhesion strength to the concrete substrate.
Cubes of the same geopolymer paste mix (side length

2.4. Sensing principle
Geopolymer sensing works on the principle of mea~ of a
suring changes in the electrical impedance, Z,
geopolymer layer in response to measurands of interest. As illustrated in Figure 3a, the impedance is found
~ of the layer in
by measuring the voltage response, V
~ of
response to an alternating (ac) current excitation, I,
~
frequency, f , i.e. I = sin(2πf t):
~
~ = V = V ei(φV −φI ) = Zei(φV −φI ) .
Z
I
I~

(1)
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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 testing 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.

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 reliable 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 experimental rigs. While the thickness of patches was uniform, 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 pronounced for larger patches, required for sensing structures in the field, and could be improved in future work
by completely coating faces, or by masking edges.

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 optimised for this given patch geometry and the material
mix design listed in Section 2.2. Table 3 lists the parameters 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 coating process is made up of fast, sweeping motions and a
large number of layers (L ≥ 10). This approach provides a more thorough coating of the substrate and al-

3.2. Mechanical properties
Cube strength results of the geopolymer mix are
shown in Figure 7 over a 28 day period. This is following a 24 hour period at 40◦ C to accelerate curing. Day
5

Table 3: Equipment variables that effect patch characteristics.

Variable

Chosen value

Effect on patch

Spray pressure

≈ 0.2 bar

Pump volume flow

0.4 ml/min

Proximity

1 cm (6 cm for sensor)
1 m/s & 1 m/s2
0.5 mm

Higher pressure causes “hollow circle” and displaces material,
causing uneven patch surfaces
High flow rates increase material flow, thus increasing patch
thickness
Closer proximity can cause “hollow circle”, decreases spread of
spray
Higher speed/acceleration decreases patch thickness
Larger nozzle increase spread of spray

Robot speed & acceleration
Nozzle diameter

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

ing shrinkage for our lab scale mix. This reduces penetration 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 prewetting of the concrete is not required. Furthermore,
sandblasting of the concrete surface prior to deployment
could also improve adhesion.

1 therefore represents the compressive strength subsequent to this curing period. Three samples were tested
on each day, with the standard deviation in results represented 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 concrete 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 material, a low solid/liquid ratio is required. This reduces
the compressive strength of the material (due to the excess 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 carried 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. Reduced adhesion may be the result of the need to prewet concrete substrates prior to spraying, to reduce dry-

3.3. Temperature sensing
Figure 8 shows the fractional shift in impedance response as a function of temperature, with the 95% confidence interval based on 5 samples represented by the
shaded region. Here, the baseline impedance, Z0 , is defined as the impedance at 20◦ C and an ac current frequency of 500 Hz. A fit using the temperature dependence equation (2) was applied. The fit parameters and
their standard errors can be found in Table 4. The precision of the temperature measurement is δT = 0.2◦ C.
As shown, patch impedance response to temperature
follows the exponential dependence outlined in Equation 2, with the largest variance at lower temperatures.
6

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

Figure 8: Sensor response vs temperature, with 95% confidence interval shown as a shaded region based on 5 samples.

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

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

Parameter
kT 1
kT 2
kT 0
kε

3.4. Strain sensing
The patch-sensor response to applied strain on the
concrete cube is shown in Figure 9. The 95% confidence 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

Value
-0.023
1.8
0.35
2×104

Standard Error
0.001
0.3
0.03
500

itself bears an error. Compensation for these measurands using a second reference sensor may be required
for long-term applications in field conditions. Experimental 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.

(3)

where E = 20 GPa is the Young’s Modulus of concrete 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 elastic 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 migration 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 proportionality is Ke = 2 × 104 and this leads to an approximate 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 measurement to allow for compensation, something which

4. Conclusion
This paper demonstrates, for the first time, the
feasibility of robotically spray coating a self-sensing
geopolymer material onto concrete substrates. The mechanical 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 human errors and costs associated with sensor/novel material installation into traceable and repeatable robotic
7
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[11] W. Walker, P. Harremoës, J. Rotmans, J. van der Sluijs,
M. van Asselt, P. Janssen, M. K. von Krauss, Defining uncertainty:
A conceptual basis for uncertainty
management in model-based decision support, Integrated Assessment 4 (1) (2003) pp. 5–17.
arXiv:

5. Acknowledgments
This work was supported in part by the Scottish Funding Council’s Oil & Gas Innovation Centre, and the
Royal Society (RG160748).

8

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

https://doi.org/10.1076/iaij.4.1.5.16466,
doi:10.1076/iaij.4.1.5.16466.
URL
https://doi.org/10.1076/iaij.4.1.5.
16466
J. H. Porter, P. C. Hanson, C.-C. Lin, Staying afloat in
the sensor data deluge, Trends in Ecology and Evolution 27 (2) (2012) pp. 121 – 129.
doi:https:
//doi.org/10.1016/j.tree.2011.11.009.
URL http://www.sciencedirect.com/science/
article/pii/S0169534711003326
F. Moon, Impacts of epistemic (bias) uncertainty on structural
identification of constructed (civil) systems, The Shock and
Vibration Digest 38 (2006) pp. 399–420. doi:10.1177/
0583102406068068.
L. Biondi, M. Perry, C. Vlachakis, Z. Wu, A. Hamilton, Ambient cured fly ash geopolymer coatings for concrete, Manufacturing processes and systems (2019). doi:10.3390/
ma12060923.
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